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INTRODUCTION 

The  Center  of  Excellence  Grant  is  completing  four  independent,  interconnected  and 
synergistic  tasks  to  achieve  the  goal  and  answer  the  overarching  question:  to  discover  the 
mechanism  of  estrogen-induced  breast  cancer  cell  apoptosis  and  establish  the  clinical  value  of 
short-term  low  dose  estrogen  treatment  to  cause  apoptosis  in  antihormone  resistant  breast 
cancer.  To  achieve  the  goal,  we  had  established  an  integrated  organization  (Fig.  1)  with  a  first  class 
advisory  board  that  links  clinical  trials  (Task  1)  with  laboratory  models  and  mechanisms  (Task  2) 
proteomics  (Task  3)  and  genomics  (Task  4). 


Figure  1 


Figure  1.  Organization  of  the  COE. 


Completion  of  the  Reorganization  of  the  COE 

The  past  year  has  seen  a  dramatic  increase  in  our  training  of  new  staff  that  has  added  to  our 
productivity  and  guarantees  that  we  will  maintain  our  trajectory  to  expand  knowledge  in  this 
important  new  area  of  women’s  health. 

Our  work  is  having  significant  impact  in  the  clinical  trials  community  with  the  recent 
publication  of  the  Women’s  Health  Initiative  study  of  estrogen  replacement  therapy  alone  in 
hysterectomized  women  that  shows  an  actual  decrease  in  the  incidence  of  breast  cancer  (1,  2).  This 
exciting  new  development  in  women’s  health  finds  its  scientific  foundation  in  our  innovative  grant 
and  poised  to  define  the  mechanisms  necessary  to  exploit  estrogen  therapy  further  in  the  clinic.  The 
work  that  we  are  refining  will  form  the  basis  of  an  invited  series  of  reviews  on  the  molecular 
mechanism  of  estrogen-induced  apoptosis.  Through  the  award  of  this  Center  of  Excellence  Grant 
from  the  DOD,  we  have  demonstrated  innovation  in  solving  fundamental  problems  in  women’s 
health  at  the  molecular  level. 
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Body 


TASK  1:  (LCCC/Isaacs)  -  To  conduct  exploratory  clinical  trials  to  determine  the  efficacy  and 
dose  response  of  pro-apoptotic  effects  of  estrogen  [Estracel  in  patients  following  the  failure  of 
two  successful  antihormonal  therapies. 


Task  la:  (Isaacs)  -  To  confirm  the  efficacy  of  standard  high  dose  estrogen  (Estrace)  therapy 
and  then  determine  a  minimal  dose  to  induce  tumor  regression. 

Here  we  report  work  completed  on  Task  la  at  the  LCCC  and  FCCC  sites  during  year  6  of  this  COE. 
Clinical  trial  conducted  by  Claudine  Isaacs.  MD 


DOSE  DE-ESCALATION  OF  ESTROGEN  (ESTRACE)  TO  REVERSE  ANTIHORMONE 
RESISTANCE  IN  PATIENTS  ALREADY  EXHAUSTIVELY  TREATED  WITH 
ANTIHORMONE  THERAPY 


Work  Accomplished: 

Our  high  dose  estrogen  protocol  is  IRB  approved,  however  we  have  now  developed  a  new 
strategy  to  enhance  recruitment  and  export  our  protocol  through  a  future  funding  opportunity  to  a 
remote  site.  These  opportunities  have  occurred  because  of  the  following  changing  circumstances.  Dr. 
Alexandra  Zimmer  is  an  NCI  medical  oncology  fellow  who  holds  clinics  each  week  at  the 
Georgetown  Lombardi  Cancer  Center  with  Dr.  Isaacs.  The  fact  that  a  clinical  trial  comparing  high- 
dose  (30mg  daily  Estrace)  versus  low  dose  Estrace  (6mg  Estrace  daily)  has  now  been  published 
(Ellis  MJ,  Gao  F,  Dehdashti  F,  Jeffe  DB,  Marcom  PK,  Carey  LA,  Dickler  MN,  Silverman  P, 

Fleming  GF,  Kommareddy  A,  Jamalabadi-Majidi  S,  Crowder  R,  Siegel  BA.  Lower-dose  vs  high- 
dose  oral  estradiol  therapy  of  hormone  receptor-positive,  aromatase  inhibitor-resistant  advanced 
breast  cancer:  a  phase  2  randomized  study.  JAMA  2009;302(7):774-80.)  by  others  based  on  our 
laboratory  work.  The  study  demonstrates  that  low-dose  estrogen  has  lower  side  effects  then  our 
current  protocol  using  high-dose  estrogen.  Georgetown  Lombardi  Comprehensive  Cancer  Center  has 
recently  entered  into  negotiations  and  now  concluded  an  agreement  with  Hackensack  Hospital  in 
New  Jersey  to  create  an  integrated  clinical  trial  system.  Dr.  Zimmer  and  Dr.  Isaacs  will  be  exporting 
our  low-dose  estrogen  protocol  to  Hackensack  to  create  a  baseline  study  to  reproduce  the  results 
obtained  from  the  JAMA  article  above.  It  is  our  long-term  goal  to  use  the  results  of  this  clinical  trial 
to  improve  clinical  responsiveness  through  combination  therapies  of  low-dose  estrogen  with 
selective  inhibitors  of  tumor  cell  survival.  It  is  our  goal  to  improve  response  rates  from  around  thirty 
percent  to  above  fifty  percent. 
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TASK  2.  GU/.Tordan  -  To  elucidate  the  molecular  mechanism  of  E?  induced  survival  and  apoptosis 
in  breast  cancer  cells  resistant  to  either  selective  ER  modulators  (SERMs)  or  long-term  estrogen 
deprivation. 

Task  2a:  Fan  and  Jordan  -  To  confirm  and  validate  developing  pathways  of  E2-induced  breast 
cancer  cell  survival  and  apoptosis. 

Task  2a  (Fan  and  Jordan)  -  Studies  carried  out  by  Dr.  Ping  Fan  in  the  Jordan  laboratory  at  Georgetown 
University 


Modulation  of  E2-induced  Stress  and  Apoptosis  through  c-Src  in  Long-term  Estrogen  Deprived 
Breast  Cancer  Cells 

Introduction 

The  emergence  of  antiestrogen  resistance  in  breast  cancer  is  an  important  clinical  phenomenon  affecting 
long-term  survival  in  this  disease.  Our  publications  show  that  physiological  concentrations  of  estrogen  (E2) 
trigger  apoptosis  in  long-term  E2  deprived  breast  cancer  cells  (MCF-7:5C)  through  inducing  stress(3,  4). 
This  new  targeted  strategy  provides  novel  therapeutic  approaches  to  endocrine  resistant  breast  cancer.  A 
phase  II  clinical  trial  reported  that  E2  provided  a  clinical  benefit  for  aromatase  inhibitor-resistant  advanced 
breast  cancer  patients.  However,  only  30%  of  patients  receive  clinical  benefit(5).  This  prompted  us  to 
investigate  the  mechanisms  underlying  E2-induced  apoptosis  to  find  strategies  to  increase  the  therapeutic 
responsiveness.  c-Src  is  currently  of  interest,  as  it  is  an  important  adapter  protein  of  ER  in  breast  cancer 
cells.  Here,  we  found  that  E2  elevated  c-Src  phosphorylation  in  MCF-7:5C  cells  and  4-hydroxytamoxifen 
(4-OHT)  blocked  this  stimulation  which  suggested  that  E2  activated  c-Src  through  ER.  E2  activated  the 
sensors  of  unfolded  protein  response  (UPR)  inositol-requiring  protein  1  alpha  (IRE la)  and  PRK-like 
endoplasmic  reticulum  kinase  (PERK)/eukaryotic  translation  initiation  factor-2a  (eIF2a).  The  indicator  of 
oxidative  stress,  heme  oxygenase  1  gene  (HMOX1),  was  dramatically  up-regulated  by  E2.  Further 
examination  showed  that  E2  significantly  increased  reactive  oxygen  species  (ROS)  production  in  MCF- 
7:5C  cells.  And  the  energy  stress  sensor  adenosine  monophosphate  (AMP)-activated  protein  kinase 
(AMPK)  was  activated  by  E2.  The  specific  inhibitor  of  c-Src,  PP2,  was  able  to  reduce  the  production  of 
ROS  and  extrinsic  apoptotic  signaling  pathways  induced  by  E2,  and  blocked  E2-induced  apoptosis,  which 
was  confirmed  by  knockdown  of  c-Src  with  a  specific  small  interfering  RNA.  All  of  these  data  illustrate 
that  c-Src  functions  as  an  important  transducer  in  E2-initiated  stress  which  trigger  apoptotic  cascades  in 
MCF-7:5C  cells.  Further  examination  through  transcriptome  analysis  confirmed  that  E2  widely  activated 
apoptosis-related  pathways  such  as  oxidative  stress  and  TNF  family-related  signaling.  The  c-Src  inhibitor, 
PP2,  could  abolish  the  apoptosis-related  pathways  induced  by  E2  which  were  confirmed  by  real-time  PCR. 
These  data  illustrate  that  c-Src  acts  as  a  critical  molecule  to  mediate  the  downstream  signaling  of  ER 
(including  E2-induced  apoptosis)  in  MCF-7:5C  cells.  These  data  clearly  raise  a  concern  regarding  the 
ubiquitous  use  of  c-Src  inhibitors  to  treat  patients  with  advanced  aromatase  inhibitor-resistant  breast 
cancer,  thereby  undermining  the  beneficial  effects  of  E2-induced  apoptosis. 
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Work  Accomplished: 


c-Src  mediated  estrogen-activated  growth  pathways  in  long-term  estrogen  deprived  breast  cancer 
cells  MCF-7:5C. 

It  is  well  documented  that  E2  stimulates  growth  and  prevents  apoptosis  in  wild-type  breast  cancer  cells  and 
estrogen-responsive  osteoblast  cells.  In  contrast,  physiological  concentrations  of  E2  induce  apoptosis  in 
long-term  E2  deprived  breast  cancer  cells(3,  6).  c-Src  plays  a  critical  role  in  relaying  ER  signaling 
pathways  in  breast  cancer  cells.  To  investigate  the  function  of  E2  and  c-Src  in  long-term  E2-deprived  breast 
cancer  cells  MCF-7:5C,  a  specific  c-Src  tyrosine  kinase  inhibitor,  PP2,  was  utilized  to  block 
phosphorylation  of  c-Src  (Fig.  2A).  It  also  effectively  abolished  the  growth  pathways  including  the 
mitogen-activated  protein  kinase  (MAPK)  and  phosphoinositide  3-kinase  (PI3K)/AKT  pathways  in  MCF- 
7:5C  cells  (Fig.  2A).  E2  activated  c-Src  through  ER  since  4-hydroxytamoxifen  (4-OHT)  completely 
suppressed  phosphorylation  of  c-Src  (Fig.  2B).  Although  our  previous  finding  showed  that  E2  initiates 
apoptosis  in  MCF-7:5C  cells(3),  E2  was  able  to  activate  growth  pathways  in  MCF-7:5C  cells  (Fig.  2C). 
These  actions  were  blocked  by  the  c-Src  inhibitor,  PP2  (Fig.  2C).  Even  though  the  characteristic  E2- 
induced  apoptosis  occurs  after  72  hours  treatment(3),  cell  numbers  were  initially  increased  by  E2  with  a 
high  percentage  in  S  phase  (Fig.  2D).  All  of  these  results  suggested  that  E2  caused  an  imbalance  between 
growth  and  apoptosis  in  MCF-7:5C  cells. 
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Figure  2. 2 A.  The  c-Src  inhibitor  blocked  growth  pathways  in  MCF-7:5C  cells.  MCF-7:5C  cells  were  treated  with  vehicle 
(0.1%  DMSO)  and  PP2  (5xl0-6  mol/L)  for  different  times  as  indicated.  Cell  lysates  were  harvested.  Phosphorylated  c- 
Src,  MAPK,  and  Akt  were  examined  by  immunoblotting  with  primary  antibodies.  Immunoblotting  for  total  c-Src, 
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MAPK,  and  Akt  were  determined  for  loading  controls.  2B.  Estrogen  activated  c-Src  phosphorylation  in  MCF-7:5C  cells. 
MCF-7:5C  cells  were  treated  with  vehicle  (0.1%  DMSO),  E2  (10'9  mol/L),  4-OHT  (10‘6  mol/L),  E2  (10  9  mol/L)  plus  4- 
OHT  (10‘6  mol/L),  PP2  (5x1  O'6  mol/L),  and  E2  (10  9  mol/L)  plus  PP2  (5x1  O'6  mol/L)  for  48  hours.  Cell  lysates  were 
harvested.  Phosphorylated  c-Src  was  examined  by  immunoblotting  with  primary  antibody.  Immunoblotting  for  total  c- 
Src  was  determined  for  loading  control.  2C.  The  c-Src  inhibitor  blocked  genomic  pathway  induced  by  E2  in  MCF-7:5C 
cells.  MCF-7:5C  cells  were  treated  with  vehicle  (0.1%DMSO),  E2  (I  O'9  mol/L),  PP2  (5x1  O'6  mol/L),  and  E2  (10‘9  mol/L) 
plus  PP2  (5xl0'6  mol/L)  for  24  hours.  Cell  lysates  were  harvested.  Phosphorylated  MAPK  and  Akt  were  examined  by 
immunoblotting  with  primary  antibodies.  Immunoblotting  for  total  MAPK  and  Akt  were  determined  for  loading 
controls.  2D,  E2  increased  S  phase  of  cell  cycles  in  MCF-7:5C  cells.  MCF-7:5C  cells  were  treated  with  vehicle  and  E2  for 
different  durations.  Total  DNA  was  determined  using  a  DNA  fluorescence  quantitation  kit.  As  a  parallel  experiment, 
MCF-7:5C  cells  were  treated  with  vehicle  and  E2  for  72  hours.  Cells  were  fixed  for  cell  cycles  analysis.  P<0.05,  * 
compared  with  respective  control. 


c-Src  mediated  the  non-genomic  pathway  activated  by  E2  in  long-term  estrogen  deprived  breast 
cancer  cells  MCF-7:5C  which  was  not  involved  in  the  process  of  apoptosis. 

E2  was  able  to  activate  the  non-genomic  pathway  within  minutes  (Fig.  3  A)  which  was  blocked  by  the  c-Src 
inhibitor  (Fig.  3A).  To  further  investigate  the  function  of  the  non-genomic  pathway  in  the  E2-induced 
apoptosis,  a  synthetic  ligand,  estrogen  dendrimer  conjugate  (EDC),  was  used  to  treat  MCF-7:5C  cells 
which  is  very  ineffective  in  stimulating  transcription  of  endogenous  E2  target  genes(7).  ER  target  gene  pS2 
was  selected  as  a  biomarker  to  measure  the  dose  responsive  manner  to  activate  transcription  nal  activity  by 
EDC  (Fig.  3B).  In  agreement  with  the  result  in  reference  5,  only  higher  dose  of  EDC  (10~6  mol/L) 
activated  pS2  but  not  in  EDC  (10'8  mol/L)  (Fig.  2B).  Very  similar  as  E2,  the  EDC  (10'8  mol/L)  activated 
the  non-genomic  pathway  which  was  blocked  by  the  c-Src  inhibitor  (Fig.  3C).  However,  the  EDC  (10~8 
mol/L)  had  no  capacity  to  induce  apoptosis  (Fig.  3D  and  3E).  These  results  indicated  that  EDC  activated 
the  non-genomic  pathway  but  without  capacity  to  activate  genomic  pathway  and  did  not  induce  apoptosis 
in  MCF-7:5C  cells  in  certain  concentration.  All  of  these  data  suggest  that  the  non-genomic  pathway  does 
not  play  a  critical  role  in  the  E2-induced  apoptosis. 

Inhibition  of  c-Src  suppressed  estrogen-induced  apoptosis  in  MCF-7:5C  cells. 

We  have  shown  that  long-term  E2  deprivation  increases  c-Src  activity(8).  Therefore,  we  addressed  the 
question  of  whether  the  c-Src  inhibitor,  PP2,  in  combination  with  E2  would  enhance  apoptosis  in  MCF- 
7:5C  cells.  Unexpectedly,  the  c-Src  inhibitor  blocked  apoptosis  initiated  by  E2  (Fig.4A).  To  confirm  that 
inhibition  of  c-Src  could  block  E2-induced  apoptosis,  a  specific  siRNA  was  utilized  to  knock  down  c-Src 
in  MCF-7:5C  cells  (Fig.  4B),  which  reduced  the  percentage  of  Annexin  V  binding  induced  by  E2  (Fig. 
3C).  Further  experiments  showed  that  E2  disrupted  mitochondrial  membrane  potential  (ATm)  after  48 
hours  treatment  which  was  measured  by  flow  cytometry  using  rhodamine  123  (Rhl23)  (Fig.  4D).  The  c- 
Src  inhibitor  PP2  and  4-OHT  both  prevented  reduction  of  Rhl23  retention  induced  by  E2  (Fig.  4D).  These 
data  demonstrated  that  E2-triggered  apoptosis  utilize  the  c-Src  tyrosine  kinase  pathway.  All  of  these 
findings  suggested  that  the  c-Src  plays  a  critical  role  to  mediate  E2-induced  apoptosis. 
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Figure  3.  3 A. The  c-Src  inhibitor  blocked  non-genomic  pathway  induced  by  E2  in  MCF-7:5C  cells.  MCF-7:5C  cells  were 
treated  with  vehicle  (0.1%  DMSO),  E2  (10'9  mol/L),  PP2  (5xl0‘6  mol/L),  and  E2  (10  9  mol/L)  plus  PP2  (5xl0‘6  mol/L)  for 
10  mins.  Cell  lysates  were  harvested.  Phosphorylated  MAPK  was  examined  by  immunoblotting  with  primary  antibody. 
Immunoblotting  for  total  MAPK  was  determined  for  loading  control.  3 B.  Activation  of  pS2  by  different  concentrations 
of  estrogen  dendrimer  conjugate  (EDC).  MCF-7:5C  cells  were  treated  with  vehicle  (0.1%  MeOH),  different 
concentrations  of  EDC,  E2,  and  empty  dendrimer  as  indicated  for  8  hours  in  triplicate.  Cells  were  harvested  in  TRIzol 
for  real-time  PCR.  3C.  The  c-Src  inhibitor  blocked  the  non-genomic  pathway  activated  by  EDC.  MCF-7:5C  cells  were 
treated  with  vehicle  (0.1%  MeOH),  EDC  (10 8  mol/L),  PP2  (5x10  6  mol/L),  EDC  (10 8  mol/L)  plus  PP2  (5x10 6  mol/L) 
respectively  for  15  minutes  and  the  cell  lysates  were  harvested.  Phosphorylated  MAPK  was  examined  by 
immunoblotting  with  primary  antibody.  Immunoblotting  for  total  MAPK  was  used  for  loading  control.  3D.  Detection  of 
apoptosis  by  different  doses  of  EDC  MCF-7:5C  cells  were  treated  with  vehicle  (0.1%  MeOH),  EDC  (10'8  mol/L),  and 
EDC  (10'6  mol/L)  for  72  hours.  Cells  were  harvested  for  the  analysis  of  apoptosis  through  Annexin  V  binding  assay.  2E. 
Cell  growth  curves  after  EDC  treatment  MCF-7:5C  cells  were  treated  with  vehicle  (0.1%  MeOH),  different 
concentrations  of  EDC,  E2,  and  empty  dendrimer  as  indicated  for  7  days  in  triplicate.  Cells  were  harvested  and  total 
DNA  was  determined  using  a  DNA  fluorescence  quantitation  kit. 
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Figure  4.  4 A.  Inhibition  of  c-Src  blocked  E2-induced  apoptosis.  MCF-7:5C  cells  were  treated  with  different  compounds 
respectively  as  above  for  72  hours  and  Annexin  V  binding  assay  was  used  to  detect  apoptosis.  4 B.  Knockdown  of  c-Src 
through  interfering  RNA  MCF-7:5C  cells  were  transfected  with  siRNA  of  c-Src  for  72  hours  using  non-target  siRNA  as 
control.  c-Src  was  detected  by  immunoblotting.  The  p-actin  was  used  for  loading  control.  4C.  Knockdown  of  c-Src 
blocked  E2-induced  apoptosis.  MCF-7:5C  cells  were  transfected  with  c-Src  siRNA  and  non-target  siRNA  as  above.  Then, 
they  were  treated  with  vehicle  (0.1%  EtOH)  and  E2  (10'9mol/L)  respectively  for  72  hours.  Apoptosis  was  detected 
through  Annexin  V  binding  assay.  /’<0.05,  *  compared  with  control.  4D.  The  c-Src  inhibitor  blocked  the  reduction  of 
mitochondrial  potential  induced  by  E2.  MCF-7:5C  cells  were  treated  with  different  compounds  respectively  as  above  for 
48  hours  and  cells  were  harvested  to  detect  mitochondrial  potential  through  Rhl23.  /’<0.001.  **  compared  with  control. 


Suppression  of  E2-induced  apoptosis  by  the  c-Src  inhibitor  was  independent  of  the  classical  estrogen 
response  element  (ERE)  regulated  transcriptional  genes  in  MCF-7:5C  cells. 

The  ER  is  the  initial  site  for  E2  to  induce  apoptosis  since  anti-estrogens  ICI  182,780  and  4-OHT 
completely  block  apoptosis  triggered  by  E2  (3).  In  addition  to  the  mediation  of  ER  growth  pathways,  c-Src 
is  involved  in  the  process  of  ligand-activated  ER  ubiquitylation(9).  Therefore,  blockade  of  c-Src  tyrosine 
kinase  with  PP2  further  increased  ERa  protein  and  mRNA  expression  levels  in  MCF-7:5C  cells  (Fig.  5A). 
E2  activated  estrogen  response  element  (ERE)  activity  which  could  be  blocked  by  4-OHT  but  not  by  PP2 
(Fig.  5B).  It  was  interesting  to  find  that  the  c-Src  inhibitor  alone  could  up-regulate  E2  inducible  gene  pS2 
and  was  additive  with  E2  to  elevate  pS2  mRNA  level  (Fig.  5C).  Another  important  ER  target  gene 
progesterone  receptor  (PR)  has  been  regarded  as  an  indicator  of  a  functional  ER  pathway,  since  expression 
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of  PR  is  regulated  by  E2.  Although  the  c-Src  inhibitor  alone  did  not  elevate  PR  expression,  it  dramatically 
synergized  with  E2  to  up-regulate  PR  mRNA  (Fig.  5D).  All  of  these  results  demonstrated  that  blockade  of 
c-Src  increased  expression  of  classical  ER  target  genes.  It  also  implied  that  classical  ER  pathway  might 
not  directly  involve  in  the  E2-induced  apoptosis. 


Figure  5.  5 A.  The  c-Src  inhibitor  increased  levels  of  ER  alpha.  MCF-7:5C  cells  were  treated  with  vehicle  (0.1%  DMSO) 
and  PP2  (5xlO'6mol/L)  respectively  for  24  hours.  ERa  protein  was  detected  by  immunoblotting.  ERa  mRNA  was 
quantified  with  qPCR.  P<0.05,  *  compared  with  control.  5B.  The  c-Src  inhibitor  did  not  block  ERE  activity  induced  by 
E2.  MCF-7:5C  cells  were  transfected  with  ERE  firefly  luciferase  plasmid  plus  renilla  luciferase  plasmid.  Then,  cells  were 
treated  with  different  compounds  respectively  for  24  hours  to  detect  ERE  activity.  P<0.001,  **  compared  with  control. 
5C.  The  c-Src  inhibitor  further  activated  pS2.  MCF-7:5C  cells  were  treated  with  different  compounds  respectively  for  24 
hours.  The  pS2  mRNA  was  quantified  with  qPCR.  PcO.OOl,  **  compared  with  control.  5D.  The  c-Src  inhibitor  further 
increased  PR  levels.  MCF-7:5C  cells  were  treated  with  different  compounds  respectively  for  72  hours.  The  PR  mRNA 
was  quantified  with  qPCR.  PcO.OOl,  **  compared  with  control. 


c-Src  was  involved  in  the  process  of  triggering  apoptosis-related  genes  by  E2  in  MCF-7:5C  cells. 
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To  further  investigate  the  mechanisms  of  the  suppression  of  E2-induced  apoptosis  by  PP2,  RNA-seq 
analysis  was  performed  to  examine  the  genes  regulated  by  E2  to  trigger  apoptosis  in  MCF-7:5C  cells.  A 
wide  range  of  apoptosis-related  genes  were  activated  by  E2  (Fig.6A),  which  were  functionally  classified 
into  three  groups:  TP53-related  genes  (such  as  TP63,  PMAIP1,  and  CYFIP2),  stress-related  genes  (such  as 
HMOX1,  PPP1R15A,  ZAK,  NUAK2  etc.),  and  inflammatory  response-related  genes  (such  as  LTB,  FAS, 
TNFRSF21,  and  CXCR4  etc.).  Most  were  stress-related  genes  (Fig.  6B).  Consistent  with  the  biological 
experiments,  4-OHT  and  PP2  both  blocked  apoptosis-related  genes  induced  by  E2  but  to  a  different  extent 
in  MCF-7:5C  cells  (Fig.6A).  The  majority  of  these  apoptosis-related  genes  were  confirmed  by  real-time 
PCR  with  similar  changes  noted  as  in  RNA-seq  analysis  (Fig.  5C).  E2  dramatically  increased  p63  mRNA 
levels  (Fig.  6C)  but  did  not  arrest  cells  in  the  G1  phase.  In  fact,  S  phase  was  markedly  elevated  in  MCF- 
7:5C  cells  (Fig.  2D).  Heme  oxygenase  1  (HMOX1)  which  is  active  at  high  concentrations  of  heme, 
catalyzes  the  degradation  of  heme  and  is  thought  to  function  as  an  oxidative  stress  indicator.  In  breast 
cancer  cells,  cytochrome  c  is  a  major  source  of  heme  protein  found  in  the  inner  membrane  of  the 
mitochondrion.  E2  markedly  increased  HMOX1  in  MCF-7:5C  cells  (Fig.  6C)  thereby  confirming  that  E2 
may  damage  the  mitochondria  and  caused  cytochrome  c  release.  All  of  these  data  suggested  that  E2  widely 
activated  intrinsic  and  extrinsic  apoptosis  pathways  and  c-Src  was  directly  involved  in  mediating 
apoptosis. 
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Figure  6A.  Estrogen  activated  apoptosis-related  genes  in  MCF-7:5C  cells  analyzed  through  RNA-seq.  MCF-7:5C  cells 
were  treated  with  vehicle  (0.1%  DMSO),  E2  (10 9  mol/L),  4-OHT  (10  6  mol/L),  E2  (10 9  mol/L)  plus  4-OHT  (10‘6  mol/L), 
PP2  (5xl0'6  mol/L),  and  E2  (10'9  mol/L)  plus  PP2  (5xl0'6  mol/L)  for  72  hours.  Cells  were  harvested  and  RNA  was  isolated 
with  kit  (Qiagen)  for  RNA-seq  analysis. 
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Figure  6B.  The  apoptosis-related  genes  selected  by  RNA-seq  were  functionally  divided  into  three  groups  as  shown  above. 
Estrogen  widely  activated  apoptosis-related  genes  to  trigger  apoptotic  cascades  in  MCF-7:5C  cells. 


15 


5  -i  ** 


Figure  6C.  RNA-seq  data  were  confirmed  by  real-time  PCR.  MCF-7:5C  cells  were  treated  with  vehicle  (0.1%  DMSO), 
E2  (10 9  mol/L),  4-OHT  (10  6  mol/L),  E2  (10 9  mol/L)  plus  4-OHT  (10‘6  mol/L),  PP2  (5x10  6  mol/L),  and  E2  (10 9  mol/L) 
plus  PP2  (5xl0'6  mol/L)  for  72  hours.  Cells  were  harvested  and  RNA  was  isolated  with  kit  (Qiagen)  for  real-time  PCR 
analysis. 


The  c-Src  inhibitor  blocked  estrogen-induced  oxidative  stress  in  MCF-7:5C  cells. 

Reactive  oxygen  species  (ROS)  are  the  product  of  oxidative  stress  by  mitochondria,  whereas  an  increase  in 
ROS  contributes  to  degenerative  changes  in  mitochondrial  function.  Under  physiological  conditions, 
cellular  ROS  levels  are  tightly  controlled  by  low -molecular- weight  radical  scavengers  and  by  a  complex 
intracellular  network  of  enzymes  such  as  catalases  (CAT)  and  superoxide  dismutases  (SOD).  Under 
conditions  of  lethal  stress,  ROS  are  considered  as  key  effectors  of  cell  death.  Intracellular  ROS  were 
detected  by  CM-H2DCFDA  through  flow  cytometry  (Fig.7A).  Detectable  ROS  appeared  after  48  hours  of 
treatment  with  E2.  The  production  of  ROS  reached  a  peak  after  72  hours  treatment  (Fig.7A  and  7B). 
Blocking  ER  (by  4-OHT)  and  c-Src  (by  PP2)  abolished  ROS  generation  induced  by  E2  (Fig.7C),  indicating 
that  both  ER  and  c-Src  were  upstream  signals  of  ROS.  Free  radical  scavengers  Mn-TBAP,  catalase,  and 
sodium  formate  (SF)  which  respectively  act  on  superoxide  radical  (02  ),  H202,  and  hydroxyl  radical  (OH  ), 
were  utilized  to  suppress  the  production  of  ROS.  Our  results  suggested  that  H202  and  OH"  were  the  major 
sources  of  ROS  induced  by  E2.  This  conclusion  was  based  on  the  observation  that  catalase  and  sodium 
formate  inhibited  E2-induced  apoptosis,  whereas  Mn-TBAP  was  less  effective  (Fig.  7D).  The  RNA-seq 
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analysis  demonstrated  that  E2  did  not  significantly  regulate  antioxidant  enzymes  such  as  catalases  (CAT) 
and  superoxide  dismutases  (SOD)  in  MCF-7:5C  cells  (data  not  shown).  Our  results  suggest  that  E2has  the 
potential  to  damage  mitochondria  to  cause  oxidative  stress. 


Figure  7.  The  c-Src  inhibitor  blocked  estrogen-induced  oxidative  stress  in  MCF-7:5C  cells.  7 A.  E2  increased  ROS 
production  in  MCF-7:5C  cells.  MCF-7:5C  were  treated  with  vehicle  and  E2  for  different  durations.  ROS  was  detected 
through  flow  cytometry  with  CM-H2DCFDA  staining.  7B.  Quantification  of  ROS  production  induced  by  E2  ROS 
production  induced  by  E2  was  compared  with  control.  P<0.001,  **  compared  with  control.  7C.  The  c-Src  inhibitor 
reduced  ROS  production  induced  by  E2.  MCF-7:5C  cells  were  treated  with  different  compounds  as  above.  ROS 
production  was  detected  through  flow  cytometry.  /'<().()()  1,  **  compared  with  control.  7D.  Free  radical  scavengers 
prevented  E2-induced  apoptosis.  MCF-7:5C  cells  were  treated  with  vehicle  (0.1%  EtOH),  E2  (10'9mol/L),  catalase 
(5000U/mL)  plus  E2  (10'9mol/L),  Mn-TBAP(5xlO'smol/L)  plus  E2  (10'9mol/L),  sodium  formate  (2xlO'3mol/L  )  plus  E2  (10' 
9mol/L)  for  72  hours.  Apoptosis  was  detected  through  Annexin  Y  binding  assay.  P< 0.05,  *  compared  with  E2  treated 
group. 


The  c-Src  inhibitor  blocked  estrogen-induced  tumor  necrosis  factor  (TNF)  family  signaling  in  MCF- 
7:5C  cells. 

As  shown  above  in  Fig.  6 A  and  6B,  E2  activated  TNF  family-related  genes  (such  as  LTB,  FAS, 
TNFRSF21,  and  CXCR4  etc.).  We  confirmed  through  real-time  PCR  that  members  in  TNF  family 
members  (TNF  alpha,  LTA,  and  LTB)  were  clearly  up-regulated  by  E2  but  blocked  by  4-OHT  and  the  c- 
Src  inhibitor  in  MCF-7:5C  cells  (Fig.  8A,  8B,  and  8C).  Of  all  TNF  family  members,  TNF  is  the  most 
potent  inducer  of  apoptosis  through  extrinsic  pathway  which  is  mediated  by  death  receptors.  We  found  that 
low-dose  TNF  alpha  (5ng/ml)  could  increase  the  cleavages  of  caspase  9  and  PARP  in  MCF-7:5C  cells 
(Fig.8D).  TNF  alpha  could  significantly  inhibit  cell  growth  (Fig.8E).  These  data  demonstrated  that  E2- 
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induced  apoptosis  in  MCF-7:5C  cells  utilized  both  intrinsic  (mitochondria)  and  extrinsic  (TNF  family) 
pathways. 


Figure  8.  8 A.  The  c-Src  inhibitor  and  4-OHT  blocked  TNF  alpha  up-regulated  by  E2.  MCF-7:5C  cells  were  treated  with 
vehicle  (0.1%  DMSO),  E2  (10  9mol/L),  4-OHT  (10  6mol/L),  E2  (10  9mol/L)  plus  4-OHT  (10  6mol/L),  PP2  (5x10  6  mol/L), 
and  E2  (10'9mol/L)  plus  PP2  (5xl0'6  mol/L)  for  72  hours.  RNA  was  isolated  with  kit  (Qiagen)  for  real-time  analysis  with 
specific  primers  for  TNF  alpha.  P<0.001,  **  compared  with  control.  8B.  The  c-Src  inhibitor  and  4-OHT  blocked  LTA 
up-regulated  by  E2.  MCF-7:5C  cells  were  treated  with  different  compounds  as  above.  RNA  was  isolated  with  kit 
(Qiagen)  for  real-time  analysis  with  specific  primers  for  LTA.  PcO.001,  **  compared  with  control.  8 C.  The  c-Src 
inhibitor  and  4-OHT  blocked  LTB  up-regulated  by  E2.  MCF-7:5C  cells  were  treated  with  different  compounds  as  above. 
RNA  was  isolated  with  kit  (Qiagen)  for  real-time  analysis  with  specific  primers  for  LTB.  P<0.001,  **  compared  with 
control.  8D ,  TNF  alpha  increased  the  cleavages  of  caspase  9  and  PARP.  MCF-7:5C  cells  were  treated  with  vehicle  (0.1% 
DMSO)  and  TNF  alpha  (5ng/ml)  for  24h.  Cell  lysates  were  harvested.  Cleavages  of  caspase  9  and  PARP  were  examined 
by  immunoblotting  with  primary  antibodies.  Immunoblotting  for  p-actin  was  determined  for  loading  controls.  8E ,  TNF 
alpha  inhibited  cell  growth  in  MCF-7:5C  cells.  MCF-7:5C  cells  were  treated  with  vehicle  (H20)  and  TNF  alpha  (5ng/ml) 
for  7  days.  Cells  were  harvested  and  DNA  content  was  determined  as  above.  P<0.001,  **  compared  with  control. 
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c-Src  was  involved  in  estrogen-induced  endoplasmic  reticulum  stress  in  MCF-7:5C  cells. 

Our  previous  global  gene  array  data  show  that  E2  activates  genes  related  to  endoplasmic  reticulum  stress  in 
MCF-7:5C  cells(4).  To  relieve  stress,  sensors  of  unfolded  protein  responses  (UPR)  are  activated  as  initial 
responses.  In  this  study,  a  significant  induction  of  UPR  sensors,  inositol -requiring  protein  1  alpha  (IRE la) 
and  PERK/eukaryotic  translation  initiation  factor-2a  (eIF2a),  by  E2  occurred  after  24  hours  of  treatment 
and  was  further  increased  by  prolonging  treatment  times  in  MCF-7:5C  cells  (Fig.  9A).  The  antiestrogen  4- 
OHT  completely  abolished  the  response  (Fig.  9A).  The  PERK  inhibitor  blocked  phosphorylation  of  eIF2a 
and  prevented  E2-induced  apoptosis  (Fig.  9B  and  9C),  confirming  that  endoplasmic  reticulum  stress  was 
important  in  the  apoptosis  initiated  by  E2.  Phosphorylated  eIF2a  closely  associates  with  an  important 
cellular  energy  sensor,  adenosine  monophosphate  (AMP)-activated  protein  kinase  (AMPK),  to  regulate 
protein  translation  and  apoptosis.  AMPK,  which  phosphorylates  many  metabolic  enzymes  to  stimulate 
catabolic  pathways  and  increases  the  capacity  of  cells  to  produce  ATP  ,  was  significantly  activated  after  48 
hours  treatment  with  E2  (Fig.  9D).  The  c-Src  inhibitor,  PP2,  blocked  the  phosphorylation  of  eIF2a  but  not 
IRE  la  induced  by  E2  (Fig.  9E).  PP2  also  prevented  the  activation  of  AMPK  after  E2  treatment  (Fig.  9F). 
All  of  these  data  indicate  that  c-Src  acts  as  an  important  transducer  in  the  protein  kinase  pathways  (eIF2a 
and  AMPK)  of  stress  response  (Fig.  9E  and  9F)  that  result  in  apoptosis. 
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Figure  9.  9 A.  E2  induced  endoplasmic  reticulum  stress  in  MCF-7:5C  cells.  MCF-7:5C  were  treated  with  E2  (10'9mol/L)  or 
combined  with  4-OHT  (10'6mol/L)  for  different  durations.  IREla  and  phosphorylated  eIF2a  were  used  as  indicators  of 
UPR  activation.  9B.  The  PERK  inhibitor  blocked  phosphorylation  of  eIF2a.  MCF-7:5C  cells  were  treated  with  vehicle 
(0.1%  DMSO),  E2  (10'9mol/L),  PERK  inhibitor  (lxlOsmol/L),  E2  (10  9mol/L)  plus  PERK  inhibitor  (1x10  5mol/L) 
respectively  for  24  hours.  Phosphorylated  eIF2a  was  examined  as  the  downstream  of  PERK.  Total  eIF2a  was 
determined  for  loading  control.  9C.  The  PERK  inhibitor  blocked  E2-induced  apoptosis  in  MCF-7:5C  cells.  MCF-7:5C 
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cells  were  treated  with  E2  or  combined  with  PERK  inhibitor  respectively  for  72  hours.  Apoptosis  was  detected  through 
Annexin  V  binding  assay.  8D.  E2  activated  energy  stress  sensor  AMPK  in  MCF-7:5C  cells.  MCF-7:5C  cells  were  treated 
with  E2  or  combined  with  4-OHT  as  above.  Phosphorylated  AMPK  was  examined  by  immunoblotting.  Total  AMPK  was 
determined  for  loading  control.  9E.  The  c-Src  inhibitor  blocked  phosphorylation  of  eIF2a  but  not  IRE-1  a.  MCF-7:5C 
cells  were  treated  with  E2  or  combined  with  PP2  for  24  hours.  IREla  and  phosphorylated  eIF2a  were  examined  by 
immunoblotting.  Total  eIF2a  and  p-actin  were  determined  for  loading  controls.  9F.  The  c-Src  inhibitor  blocked 
phosphorylation  of  AMPK.  MCF-7:5C  cells  were  treated  with  E2  or  combined  with  PP2  for  48  hours.  Phosphorylated 
AMPK  and  total  AMPK  were  examined  by  immunoblotting. 


Conclusion 

Overall,  E2  induces  endoplasmic  reticulum  and  mitochondrial  stresses  in  MCF-7:5C  cells,  which 
subsequently  up-regulates  apoptosis-related  genes  to  activate  intrinsic  and  extrinsic  apoptotic  pathways. 
Unexpectedly,  c-Src  tyrosine  kinase  plays  a  critical  role  in  the  stress  response  induced  by  E2.  These  data 
clearly  raise  a  concern  regarding  the  ubiquitous  use  of  c-Src  inhibitors  to  treat  patients  with  advanced 
aromatase  inhibitor-resistant  breast  cancer,  thereby  undermining  the  beneficial  effects  of  E2-induced 
apoptosis.  These  data  promoted  us  to  investigate  the  therapeutic  effects  of  the  c-Src  inhibitor  in  the  long¬ 
term  E2  deprived  breast  cancer  cells  which  will  provide  a  rationale  for  the  clinical  trials  (the  following 
section). 
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TASK  2.  GU/.Tordan  -  To  elucidate  the  molecular  mechanism  of  E?  induced  survival  and  apoptosis 
in  breast  cancer  cells  resistant  to  either  selective  ER  modulators  (SERMs)  or  long-term  estrogen 
deprivation. 

Task  2b:  Fan  and  Jordan  -  To  investigate  the  therapeutic  effects  of  the  c-Src  inhibitor  combination 
with  E2  in  long-term  E2-deprived  breast  cancer  cell  lines. 

Task  2b  (Fan  and  Jordan)  -  Studies  carried  out  by  Dr.  Ping  Fan  in  the  Jordan  laboratory  at  Georgetown 
University 


Inhibition  of  c-Src  Blocks  Estrogen-induced  Apoptosis  and  Restores  Estrogen  Stimulated  Growth  in 
Long-term  Estrogen  Deprived  Breast  Cancer  Cells 

Introduction 

Our  recent  publications  demonstrate  that  physiological  concentrations  of  estrogen  (E2)  could  induce 
endoplasmic  reticulum  stress  and  oxidative  stress(4,  10)  which  finally  resulted  in  apoptosis  in  long-term 
E2  deprived  breast  cancer  cells,  referred  as  MCF-7:5C  cells.  And  c-Src  tyrosine  kinase  was  involved  in  the 
process  of  E2-induced  stresses.  To  mimic  the  clinical  administration  of  the  c-Src  inhibitor,  we  treated 
MCF-7:5C  cells  with  different  combination  for  long-term  (8  weeks)  to  further  investigate  the  therapeutic 
potential  of  combination  the  c-Src  inhibitor  and  E2  on  the  growth  of  MCF-7:5C  cells.  Long-term  treatment 
with  PP2  alone  or  E2  alone  still  decreased  cell  growth  with  G1  arrest  of  cell  cycles  although  with  different 
inhibitory  rates.  In  contrast,  a  combination  of  PP2  and  E2  actually  blocked  apoptosis  and  the  resulting  cell 
line  (MCF-7:PF)  was  unique,  as  they  grew  vigorously  in  culture  with  physiological  levels  of  E2,  which 
could  be  blocked  by  the  pure  anti-estrogen  ICI  182,780.  In  addition  to  additively  up-regulation  of 
endogenous  ERa  target  genes  pS2  and  progesterone  receptor  (PR),  one  of  the  mechanistic  changes  was 
that  the  c-Src  inhibitor  could  collaborate  with  E2  to  increase  the  level  of  insulin-like  growth  factor- 1 
receptor  beta  (IGF-1RP)  in  MCF-7:PF  cells  which  drove  the  extracellular  signaling  pathways.  And 
inhibition  of  IGF-1  Rf3  could  completely  abolish  E2  stimulated  growth  in  MCF-7:PF  cells.  Furthermore, 
combination  treatment  transformed  cells  with  characteristic  changes  of  epithelial-mesenchymal  transition 
(EMT).  These  data  illustrate  that  caution  must  be  exercised  when  considering  of  c-Src  inhibitors  in  clinical 
trial  following  the  development  of  acquired  resistance  to  aromatase  inhibitors,  especially  in  combination 
with  E2. 

Work  Accomplished: 

The  c-Src  inhibitor  completely  blocked  E2-induced  apoptosis  in  MCF-7:5C  cells. 

We  have  found  that  non-receptor  tyrosine  kinase,  c-Src,  is  activated  in  long-term  E2  deprived  breast 
cancer  cell  lines  MCF-7:5C  and  MCF-7:2A  and  functions  as  an  important  transducer  to  mediate  E2- 
induced  stresses  (2,  8).  Here,  to  mimic  the  clinical  administration  of  the  c-Src  inhibitor,  we  long-term  (8 
weeks)  treated  MCF-7:5C  cells  with  a  specific  c-Src  inhibitor,  PP2,  alone  or  in  combination  with  E2  to 
investigate  the  therapeutic  potential  in  long-term  E2  deprived  MCF-7:5C  cells.  MCF-7:5C  cells  exhibited  a 
cobblestone-like  epithelial  phenotype  (Fig.  10A).  PP2  treated  cells  appeared  smaller  and  more  contracted, 
with  decreased  cell  spreading  (Fig.  10A).  And  apoptotic  impairment  could  be  observed  under  microscope 
in  E2  alone  treated  cells  (Fig.  10A).  In  contrast,  combination  E2  and  PP2  abolished  the  growth  inhibitory 
actions  by  E2  alone  or  PP2  alone  and  the  resulting  cell  line  (MCF-7:PF)  grew  vigorously  displaying  a 
spindle-like  morphology  (Fig.  10A).  Further  analysis  of  cell  cycles  showed  that  both  the  c-Src  inhibitor 
and  E2  could  clearly  arrest  cell  cycles  in  G1  phase  which  was  a  marker  of  growth  inhibition.  However, 
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combination  PP2  and  E2  was  unable  to  arrest  cell  cycles  in  G1  (Fig.  10B).  These  data  confirmed  that  E2- 
initiated  apoptosis  requires  c-Src  tyrosine  kinase  pathway(lO). 
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Figure  10.  10A.  The  c-Src  inhibitor  completely  blocked  E2-induced  apoptosis  after  long-term  treatment.  The 
morphological  changes  after  8  weeks  treatment  with  different  combination.  MCF-7:5C  cells  were  long-term  treated  with 
vehicle  (0.1%  EtOH),  PP2  (5x10 6  mol/L),  E2  (10'9  mol/L),  and  E2  (10‘9  mol/L  )  plus  PP2  (5x10  6  mol/L)  in  the  T25  flasks, 
respectively.  Cells  were  photographed  under  bright  field  illumination  at  (x20)  magnification  (Zeiss).  10B.  The  c-Src 
inhibitor  blocked  G1  arrest  of  cell  cycles  induced  by  E2  after  long-term  treatment.  Cell  cycles  changes  after  different 
treatment.  MCF-7:5C  and  differently  long-term  treated  cells  were  harvested  and  gradually  fixed  with  75%  EtOH  on  ice. 
After  staining  with  propidium  iodide  (PI),  cells  were  analyzed  through  flow  cytometry.  All  the  data  shown  were 
representative  of  at  least  three  separate  experiments  with  similar  results. 

Inhibition  of  c-Src  converted  E2  from  inducing  apoptosis  to  stimulating  growth  in  MCF-7:PF  cells. 

To  further  investigate  the  mechanisms  underlying  the  c-Src  inhibitor  blocking  the  apoptosis  induced  by 
E2,  the  response  to  E2  by  differently  long-term  treated  cells  was  first  evaluated.  Physiological  levels  of  E2 
still  caused  growth  inhibition  in  MCF-7:5C  cells  and  long-term  PP2  treated  cells  (Fig.  11  A).  Long-term 
treatment  with  E2  initially  caused  massive  apoptosis,  but  small  fraction  of  surviving  cells  subsequently  re¬ 
grew.  Although  apoptotic  morphology  could  be  observed  under  microscope  at  this  time  point  (Fig.  11  A), 
E2  did  not  decrease  cell  number  compared  with  control  cells  (Fig.  11  A).  It  implied  an  imbalance  between 
apoptosis  and  cell  growth  caused  by  E2.  In  contrast,  the  resulting  cell  line  (MCF-7:PF)  by  a  combination  of 
PP2  and  E2  grew  vigorously  in  culture  with  physiological  levels  of  E2  (Fig.  11  A).  This  stimulation  by  E2 
could  be  completely  blocked  by  pure  antiestrogen  ICI  182,780  which  demonstrated  that  proliferation  was 
mediated  by  ERa  (Fig.  1  IB).  Very  similarly,  the  c-Src  inhibitor  also  converted  E2  response  from  apoptosis 
to  proliferation  in  another  long-term  E2-deprived  MCF-7:2A  cells,  a  late-apoptosis  cell  line  (Fig.  11C).  It 
is  known  that  blocking  c-Src  tyrosine  kinase  increases  ERa  expression  after  24h  treatment(8).  This 
elevated  level  of  ERa  was  stably  expressed  after  long-term  treatment  (Fig.  11D).  As  expected,  E2  alone 
and  MCF-7:PF  cells  expressed  lower  levels  of  ERa  due  to  E2  down-regulation  (Fig.  11D).  The  ERa 
mRNA  levels  were  consistent  with  protein  expression  (data  not  shown).  There  was  no  change  in  ERp 
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expression  after  long-term  treatment  (Fig.  11E).  This  suggested  that  MCF-7:PF  cells  have  functional  ERa 
in  response  to  E2. 
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Figure  11.  11A.  The  c-Src  inhibitor  converted  E2  responses  from  inducing  apoptosis  to  stimulating  growth.  Differently 
treated  cells  were  seeded  in  24-well  plates  in  triplicate,  respectively.  After  one  day,  cells  were  treated  with  vehicle  (0.1% 
EtOH)  and  E2  (10'9  mol/L)  respectively.  The  cells  were  harvested  after  7  days  treatment  and  total  DNA  was  determined 
using  a  DNA  fluorescence  quantitation  kit.  PcO.OOl,  **  compared  with  control.  11B.  E2  proliferative  effect  was  blocked 
by  ICI  182,780.  MCF-7:PF  cells  were  seeded  in  24-well  plates  in  triplicate.  After  one  day,  the  cells  were  treated  with 
vehicle  (0.1%  EtOH),  E2  (10 9  mol/L),  ICI  182,780  (10 6  mol/L),  and  E2  (10‘9  mol/L)  plus  ICI  182,780  (10 6  mol/L) 
respectively.  The  cells  were  harvested  as  above  and  total  DNA  was  determined  using  a  DNA  fluorescence  quantitation 
kit.  PcO.OOl,  **  compared  with  control.  11C.  Inhibition  of  c-Src  converted  E2  from  inducing  apoptosis  to  stimulating 
growth  in  MCF-7:2A  cells.  MCF-7:2A  cells  were  long-term  (8  weeks)  treated  with  PP2  (5xl0'6  mol/L)  and  E2  (10'9  mol/L 
)  as  in  MCF-7:5C  cells.  Long-term  combination  treated  cells  and  MCF-7:2A  cells  were  plated  in  24-well  plates  in 
triplicate.  After  one  day,  cells  were  treated  with  different  doses  of  E2  as  indicated.  The  cells  were  harvested  after  7  days 
treatment  and  total  DNA  was  determined  using  a  DNA  fluorescence  quantitation  kit.  P<0.05,  *  compared  with  MCF- 
7:2 A  cells.  11D.  Changes  of  ER  alpha  after  long-term  treatment  Cell  lysates  of  differently  long-term  treated  cells  were 
harvested.  ER  alpha  was  examined  by  immunoblotting  with  primary  antibody.  Immunoblotting  for  B-actin  was  detected 
for  loading  control.  HE.  Changes  of  ER  beta  after  long-term  treatment  Cell  lysates  of  differently  long-term  treated  cells 
were  harvested.  ER  beta  was  examined  by  immunoblotting  with  primary  antibody.  Immunoblotting  for  B-actin  was 
detected  for  loading  control. 
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The  c-Src  inhibitor  was  additive  with  E2  to  elevate  endogenous  ER  target  genes  in  MCF-7:PF  cells. 

Although  ER  expression  levels  were  quite  different  (Fig.  11D),  the  estrogen  response  element  (ERE) 
activity  was  similar  among  differently  treated  cells  (Fig.  12 A).  It  was  interesting  to  find  that  c-Src  inhibitor 
dramatically  elevated  E2  inducible  gene  pS2  mRNA  (Fig.  12B)  although  the  mechanisms  were  unclear. 
Moreover,  the  c-Src  inhibitor  was  additive  with  E2  to  increase  pS2  mRNA  in  MCF-7:PF  cells  (Fig.  12B). 
Another  ER  target  gene,  progesterone  receptor  (PR),  was  undetectable  in  MCF-7:5C  cells  compared  with 
wild  type  MCF-7  cells  (Fig.  12D).  However,  adding  back  E2  in  the  medium  could  recover  PR  expression 
in  E2  alone  treated  cells  and  MCF-7:PF  cells  (Fig.  12C  and  12E).  The  c-Src  inhibitor  PP2  alone  did  not 
regulate  PR  expression  (Fig.  12E).  Nevertheless,  it  synergized  with  E2  to  up-regulate  PR  mRNA  although 
without  consistent  highest  protein  expression  (Fig.  12C  and  12E),  which  implied  existence  of  a  post- 
translational  modification  of  PR  in  MCF-7 :PF  cells(l  1). 


A 


35 


30 


t  25 


ch 

<g  20 

Qm 

cu 

> 

s 15 


10 


5 

0 


MCF-7 :5C  MCF- 
7:5C/PP2 


MCF- 

7:5C/E2 


MCF- 

7:5C/E2+PP2 


D 


120 

100 

"3 

► 

S80 

0H 

cu 

.£  60 

3 

4) 

40 

20 

0 


MCF-7 :5C  MCF-  MCF-7 :5C/E2  MCF- 

7:5C/PP2  7:5C/E2+PP2 


MCF-7  MCF-7:5C 


1 1 6kDa  -> 
81kDa 


PR-B 

PR-A 

B-actin 


8  weeks 


con 


PP2 


E2+PP2 


1 1 6kDa  -> 
81kDa^ 


PR-B 

PR-A 

B-actin 


Figure  12. 12 A.  ERE  activity  in  different  cells  MCF-7:5C  and  differently  long-term  treated  cells  were  seeded  in  24-well 
plates  in  triplicate  and  transfected  with  ERE  firefly  luciferase  plasmid  plus  renilla  luciferase  plasmid  as  in  Materials  and 
Methods ,  respectively.  12B.  The  c-Src  inhibitor  collaborated  with  E2  to  up-regulate  pS2  mRNA.  MCF-7:5C  and 
differently  long-term  treated  cells  were  grown  in  6 -well  plates  in  triplicate,  respectively.  The  RNA  was  harvested  in 
TRIzol  for  real-time  PCR  analysis.  P<0.001,  **  compared  with  control.  12C.  The  c-Src  inhibitor  collaborated  with  E2  to 
up-regulate  PR  mRNA.  The  RNA  of  different  cells  was  harvested  in  TRIzol  for  real-time  PCR  analysis.  P<0.001,  ** 
compared  with  control.  12D.  PR  expression  levels  were  different  between  wild-type  MCF-7  cells  and  MCF-7:5C  cells. 
Cell  lysates  were  harvested  from  MCF-7  cells  and  MCF-7:5C  cells.  PR  was  examined  by  immunoblotting  with  primary 
antibody  against  it.  Immunoblotting  for  B-actin  was  detected  for  loading  control.  12E.  PR  changes  after  long-term 
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treatment.  Cell  lysates  were  harvested  from  differently  treated  cells.  PR  was  examined  by  immunoblotting  with  primary 
antibody.  Immunoblotting  for  B-actin  was  detected  for  loading  control.  All  the  data  shown  were  representative  of  at  least 
three  separate  experiments  with  similar  results. 


The  c-Src  inhibitor  synergized  with  E2  to  elevate  transcriptional  activity  of  PR  in  MCF-7:PF  cells. 

As  shown  in  Fig.  12E,  E2  alone  treated  cells  and  MCF-7:PF  cells  had  similar  levels  of  PR  protein.  To 
further  investigate  the  function  of  PR,  progestin  (R5020)  was  used  to  examine  the  activity  of  progesterone 
response  element  (PRE).  Interestingly,  the  progestin  uniquely  activated  PRE  activity  in  MCF-7:PF  cells 
which  could  be  blocked  by  anti -progestin  RU486  (Fig.  13 A).  They  also  had  different  cell  growth  responses 
to  progestin  with  stimulating  growth  in  MCF-7:PF  cells  but  not  in  E2  alone  treated  cells  (Fig.  13B).  It  has 
been  described  that  activation  of  MAPK  results  in  phosphorylation  of  PR  on  Ser294,  affecting 
transcriptional  function  of  PR(1 1).  In  agreement  with  this  report,  we  observed  that  phosphorylated  MAPK 
and  PR  (Ser294)  levels  in  MCF-7:PF  cells  were  higher  than  that  in  E2  alone  treated  cells  (Fig.  12C). 
Inhibition  of  MAPK  with  U0126  effectively  blocked  the  phosphorylation  of  PR  on  Ser294  in  MCF-7:PF 
(Fig.  13D).  Although  anti -progesterone  RU486  blocked  PRE  activity  induced  by  progestin  in  MCF-7:PF 
cells  (Fig.  13 A),  it  could  not  inhibit  cell  growth  activated  by  progestin  whereas  itself  significantly 
promoted  MCF-7:PF  cell  growth  (data  not  shown).  This  estrogenic  effects  of  RU486(12)  on  MCF-7:PF 
cells  were  very  similar  as  on  wild-type  MCF-7  cells  (data  not  shown).  Then,  specific  siRNA  was  used  to 
knockdown  of  PR  that  effectively  inhibited  MCF-7:PF  cell  growth  (Fig.  13E).  All  of  these  results 
demonstrated  that  extracellular  signal  MAPK  may  modify  PR  and  affect  the  transcriptional  activity  of  PR. 
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Figure  13.  13A.  The  c-Src  inhibitor  synergized  with  E2  to  activate  PR  transcriptional  activity.  Progestin  significantly 
activated  PRE  activity  in  MCF-7:PF  cells.  Differently  long-term  treated  cells  were  transfected  with  PRE  firefly 
luciferase  plasmid  plus  renilla  luciferase  plasmid  as  in  Materials  and  Methods.  The  cells  were  treated  with  vehicle  (0.1% 
EtOH),  progestin  (10'8mol/L),  RU486  (10'6mol/L),  and  RU486  (10'6mol/L)  plus  progestin  (10'8mol/L)  in  triplicate  for  24 
hours.  PcO.OOl,  **  compared  with  control.  13B.  Different  responses  to  progestin  between  E2  alone  treated  cells  and 
MCF-7:PF  cells.  E2  alone  treated  cells  and  MCF-7:PF  cells  were  plated  in  24-well  plates  in  triplicate.  After  one  day,  cells 
were  treated  with  vehicle  (0.1%  EtOH)  and  progestin  (10'8  mol/L)  respectively.  Cells  were  harvested  after  7  days 
treatment  and  total  DNA  was  determined  as  above.  PcO.05,  *  compared  with  E2  alone  treated  cells.  13C.  MCF-7:PF  cells 
had  higher  phosphorylated  PR  than  E2  alone  treated  cells.  Cell  lysates  of  MCF-7:PF  cells  and  E2  alone  treated  cells  were 
harvested.  Phosphorylated  PR  and  MAPK  were  examined  by  immunoblotting  with  primary  antibodies.  Total  PR  and 
MAPK  were  used  as  loading  controls.  13D.  The  PR  was  phosphorylated  by  MAPK  in  MCF-7:PF  cells.  MCF-7:PF  cells 
were  treated  with  vehicle  (0.1%  DMSO)  and  MAPK  inhibitor  U0126  (10'5mol/L)  for  48  hours.  Phosphorylated  PR  was 
examined  by  immunoblotting  with  primary  antibody.  Total  PR  was  used  as  loading  control.  12E.  Knockdown  of  PR  by 
siRNA  blocked  cell  growth.  MCF-7:PF  cells  were  transfected  with  control  siRNA  and  specific  PR  target  siRNA  as 
manufacture’s  instruction.  Cell  lysates  were  harvested  after  72  hours  to  detect  PR  levels  by  immunoblotting  with 
primary  antibody.  Immunoblotting  for  B-actin  was  detected  for  loading  control.  As  a  parallel  experiment,  cells  were 
harvested  after  5  days  transfection  for  DNA  growth  assay  as  above.  P<0.05,  *  compared  with  control  siRNA. 
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The  c-Src  inhibitor  collaborated  with  E2to  enhance  insulin  like  growth  factor-1  receptor  beta  (IGF- 
1RP)  which  drove  growth  pathways  in  MCF-7:PF  cells. 

c-Src  mediates  the  interaction  between  growth  factor  receptors  and  ER  in  breast  cancer(13).  These  two 
growth  regulatory  pathways  are  tightly  linked  in  ER  positive  breast  cancer(13).  Our  observations  showed 
that  both  the  c-Src  inhibitor  and  E2  could  increase  IGF-IRp  expression  after  long-term  treatment. 
Moreover,  PP2  and  E2  were  additive  to  elevate  IGF-IRp  in  MCF-7:PF  cells  (Fig.  14A  and  14B).  To 
investigate  the  potential  role  of  IGF-IRp  in  MCF-7:PF  cells,  a  specific  inhibitor  of  IGF-IRp,  AG1024, 
was  utilized  to  block  receptor  tyrosine  kinase  activity,  which  effectively  abolished  MAPK  and  Akt 
pathways  (Fig.  14C)  and  inhibited  cell  growth  (Fig.  14D)  in  MCF-7:PF  cells.  Importantly,  the  AG1024 
completely  abolished  E2  stimulation  in  a  dose  dependent  manner  in  MCF-7:PF  cells  (Fig.  14D).  These  data 
indicated  that  IGF-IRp  is  linked  tightly  with  the  ER  function  in  MCF-7:PF  cells. 
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Figure  14. 14A.  The  c-Src  inhibitor  collaborated  with  E2  to  elevate  IGF-IRp.  Cell  lysates  of  differently  long-term  treated 
cells  were  harvested.  IGF-IRp  was  examined  by  immunoblotting  with  primary  antibody.  B-actin  was  detected  for 
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loading  control.  13B.  IGF-IRp  mRNA  changes  were  consistent  with  protein  levels.  The  RNA  of  differently  long-term 
treated  cells  was  harvested  as  above.  PcO.OOl,  **  compared  with  control.  14C.  Activation  of  Akt  and  MAPK  pathways 
by  IGF-IRp  in  MCF-7:PF  cells.  MCF-7:PF  cells  were  treated  with  vehicle  (0.1%  DMSO)  and  AG1024  (10'5mol/L)  for  48 
hours.  Cell  lysates  were  harvested.  Phosphorylated  Akt  and  MAPK  were  determined  by  immunoblotting  with  primary 
antibodies.  Total  Akt  and  MAPK  were  examined  for  loading  controls.  14D.  IGF-1R  inhibitor  completely  blocked  E2 
stimulation  in  MCF-7:PF  cells.  MCF-7:PF  cells  were  treated  with  vehicle  (0.1%  EtOH),  E2  (10'9mol/L),  AG1024  (10' 
5mol/L),  and  E2  (10'9mol/L)  plus  AG1024  (10'5mol/L)  for  7  days  respectively.  The  cells  were  harvested  and  DNA  content 
was  determined  as  above.  /'<(). 001.  **  compared  with  control.  All  the  data  shown  were  representative  of  at  least  three 
separate  experiments  with  similar  results. 


Inhibition  of  c-Src  disrupted  E-cadherin-mediated  cell-cell  adhesion  and  resulted  in  epithelial- 
mesenchymal  transition  (EMT)  in  MCF-7:PF  cells. 

Activation  of  c-Src  kinase  has  been  documented  in  E-cadherin  mediated  cell-cell  adhesion,  which  is 
thought  to  play  an  important  role  in  cancer  invasion  and  metastasis(14).  Therefore,  we  sought  to  examine 
changes  of  E-cadherin  associated  signals  after  long-term  treatment  with  the  c-Src  inhibitor  in  MCF-7:5C 
cells.  Contrary  to  the  effects  on  wild-type  MCF-7  cells(14),  PP2  reduced  E-cadherin  but  increased  N- 
cadherin  and  fibrinogen  in  MCF-7:5C  cells  (Fig.  15A),  which  are  characterized  features  of  EMT(14). 
EMT  is  regulated  by  various  signal  transduction  pathways  including  extracellular  signal-regulated  kinase 
(ERK)  and  Wnt(15).  The  c-Src  inhibitor  effectively  blocked  c-Src  phosphorylation  in  both  PP2  alone 
treated  cells  and  MCF-7:PF  cells  (Fig.  15B)  whereas  long-term  E2  treated  MCF-7:5C  cells  still  maintained 
the  higher  level  of  phosphorylated  c-Src  (Fig.  15B).  Although  the  c-Src  inhibitor  blocks  phosphorylated 
MAPK  in  the  early  stage(10),  PP2  clearly  increased  MAPK  but  continuously  blocked  Akt  after  long-term 
treatment  (Fig.  15B).  Additionally,  inducers  of  the  EMT  include  several  transcription  factors  such  as  Snail, 
Twist,  as  well  as  the  secreted  transforming  growth  factor  beta  (TGFP).  In  our  cell  model,  the  c-Src 
inhibitor  collaborated  with  E2  to  increase  Snail  and  Twistl  in  MCF-7:PF  cells  (Fig.  15C).  Both  PP2  alone 
and  E2  alone  increased  mRNA  levels  of  TGFP,  but  decreased  TGFP  in  MCF-7:PF  cells  (Fig.  15D).  All  of 
these  results  suggested  that  multiple  EMT  regulators  are  activated  after  long-term  combination  treatment. 
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Figure  15.  15A.  The  c-Src  inhibitor  promoted  EMT  after  combination  with  E2  in  MCF-7:5C  cells.  Cell  lysates  of 
differently  treated  cells  were  harvested.  E-cadherin,  N-cadherin,  and  fibrinogen  were  examined  by  immunoblotting  with 
primary  antibodies.  B-actin  was  detected  for  loading  control.  15Z?.  Signaling  pathways  changes  after  long-term 
combination  treatment.  Cell  lysates  of  differently  treated  cells  were  harvested.  Phosphorylated  c-Src,  MAPK,  Akt  were 
examined  by  immunoblotting  with  primary  antibodies.  Total  c-Src,  MAPK,  and  Akt  were  detected  for  loading  controls. 
15C.  Transcription  factors  Twistl  and  Snail  were  up-regulated.  Cell  lysates  of  differently  treated  cells  were  harvested. 
Twist  1  and  Snail  were  examined  by  immunoblotting  with  primary  antibodies.  B-actin  was  detected  for  loading  control. 
15Z>.  Regulation  of  TGFp  after  long-term  treatment.  Differently  long-term  treated  cells  were  harvested  in  TRIzol.  The 
mRNA  levels  were  detected  through  real-time  PCR.  PcO.OOl,  **  compared  with  control.  All  the  data  shown  were 
representative  of  at  least  three  separate  experiments  with  similar  results. 


Conclusion 

Resistance  to  aromatase  inhibitors  is  an  important  clinical  problem.  We  have  demonstrated  in  the 
laboratory  that  two  long-term  E2-deprived  MCF-7  breast  cancer  cell  lines  respond  to  physiological 
concentrations  of  E2  by  triggering  apoptosis(3,  4).  This  scientific  rationale  has  clinical  relevance(l,  5). 
However,  only  30%  of  patients  receive  clinical  benefit(5).  This  prompted  us  to  investigate  strategies  to 
increase  the  therapeutic  responsiveness  in  aromatase  inhibitor  resistant  breast  cancer.  Oncogene  c-Src  is 
activated  in  E2-deprived  breast  cancer  cell  lines(8).  Many  observations  highlight  c-Src  as  an  important 
therapeutic  target  to  overcome  endocrine  resistance  in  breast  cancer.  We  chose  an  eight- week  treatment 
period  in  the  laboratory  to  mimic  the  clinical  criteria  to  evaluate  the  efficacy  of  endocrine  therapy. 
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Unexpectedly,  the  c-Src  inhibitor  converted  E2  response  from  inducing  apoptosis  to  stimulating  growth  in 
two  long-term  E2  deprived  breast  cancer  cell  lines.  Most  importantly,  we  found  that  the  c-Src  inhibitor 
enhanced  the  action  of  E2  to  up-regulate  IGF-IRp  which,  in  turn,  promoted  the  MCF-7:PF  cells  to  grow. 
Furthermore,  combination  treatment  enhanced  embryonic  transcription  factors  and  repressed  E-cadherin 
expression,  a  characteristic  feature  of  EMT  in  the  generation  of  invasive  tumor  cells.  In  summary,  this 
study  suggested  that  physiological  levels  of  E2  (probably  patient’s  own  E2)  is  able  to  induce  apoptosis  in 
long-term  E2-deprived  breast  cancer.  However,  administration  with  a  c-Src  inhibitor  will  cause  the  tumor 
to  grow  after  aromatase  inhibitor  resistance,  with  a  variety  of  signaling  networks  regulated  by  the  c-Src 
inhibitor  to  promote  an  aggressive  phenotype.  These  data  raised  a  concern  regarding  the  ubiquitous  use  of 
c-Src  inhibitors  in  advanced  aromatase  inhibitor-resistant  breast  cancer  especially  combined  with  E2. 
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TASK  2:  (GU/Jordan)  -  To  elucidate  the  molecular  mechanism  of  E2  induced  survival  and 
apoptosis  in  breast  cancer  cells  resistant  to  either  SERMs  or  long-term  estrogen 
deprivation. 

Task  2c:  (Sengupta  and  Jordan)  -  To  elucidate  the  mechanisms  of  E2-independent 
growth  of  breast  cancer  cells  mimicking  aromatase-inhibitor  resistant  phenotypes 

Task  2c  (Sengupta  and  Jordan)  -  Studies  carried  out  by  Dr.  Suroieet  Sengupta  in  the  Jordan 
laboratory  at  Georgetown  University 


Role  of  eIF2a-phosphorylation  in  Mediating  Estrogen-induced  Apoptosis  of  Long-term 
Estrogen  deprived  MCF7:5C  cells 

Introduction: 

Endocrine  therapy  is  extensively  used  to  treat  hormone  receptor  positive  breast  cancers. 
Long-term  treatment  with  either  anti-estrogen  (tamoxifen)  or  aromatase  inhibitors  is  associated  with 
resistance  in  the  breast  cancer  patients(16).  Thirty  percent  patients  who  have  failed  multiple 
endocrine  therapies  have  responded  favorably  with  high  or  low  dose  of  estrogen  treatment  with 
similar  efficacy(5,  17).  Despite  its  success  in  clinic,  the  precise  molecular  mechanism  of  estrogen 
action  in  this  sub-set  of  breast  cancer  patients  remains  largely  unknown.  In  our  lab,  we  have  an 
estrogen  receptor  positive  cell  model,  MCF7:5C  cells,  which  have  been  cultured  in  estrogen- 
deprived  media  for  more  than  a  year  and  undergo  estrogen-induced  apoptosis  in  vitro  as  well  as  in 
xenograft  model  in  athymic  nude  mice(3). 

Previous  studies  from  our  laboratory  have  indicated  that  estrogen-induced  apoptosis  of 
MCF7:5C  cells  involves  endoplasmic  reticulum  (ER)  stress  pathway(4).  The  precise  mechanism  by 
which  it  activates  apoptosis  is  not  known.  The  ER  stress  develops  because  of  the  load  of  unfolded 
proteins  in  the  ER  lumen  and  activates  intracellular  signaling  pathways  which  are  collectively 
termed  the  unfolded  protein  response  (UPR)(18).  UPR  has  three  distinct  pathways  of  signal 
transducers,  namely  ATF6,  PERK  and  IRE1(19).  Each  of  these  acts  as  a  sensor  for  the  unfolded 
protein  in  the  lumen  and  activates  cascades  of  signaling  molecules  to  protect  from  excessive  protein 
load  and  helps  in  survivalof  the  cell.  However,  depending  upon  the  circumstances  and  the  extent  of 
UPR,  prolonged  ER-stress  can  induce  the  cells  to  undergo  apoptosis(20). 

This  section  investigated  the  role  of  PERK  (protein  kinase  RNA  (PKR)-  like  ER  kinase) 
mediated  signaling  of  UPR  in  estrogen  mediated  apoptosis  of  MCF7:5C  cells  (Figure  1).  PERK  is  an 
ER-resident  trans-membrane  kinase  which  oligomerizes  and  self  phosphorylates  after  sensing  ER 
stress(21).  Phosphorylated  PERK  can  in  turn  phosphorylate  the  translation  initiation  factor  eIF2a, 
(Figure  1)  which  inhibits  global  mRNA  translation.  In  this  way,  PERK  activation  helps  in  reducing 
the  protein  burden  in  the  ER  lumen  and  attempts  to  alleviate  ER  stress.  Paradoxically,  translation  of 
the  gene  encoding  ATF4  (activating  transcription  factor-4)  is  favored  by  the  limiting  function  of 
eIF2a  and  its  key  downstream  target  CHOP  (C/EBP  homologous  protein)(18).  These  two  key 
transcription  factors  induce  expression  of  genes  which  are  important  for  cellular  remediation  and 
apoptosis  (Figure  16). 
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Figure  16.Schematic  model  of  PERK  induced  unfolded 
protein  response  (UPR)  through  phosphorylation  of  eIF2a 
and  induction  of  apoptosis. 


Work  Accomplished 

Estrogen  (17p-estradiol)  treatment  induces  phosphorylation  of  eIF2a  and  its  down-stream 
targets  in  MCF7:5C  cells 

The  precisemechanism  by  which  estrogen  induces  apoptosis  in  long  term  estrogen  deprived 
MCF7:5C  cell  is  not  completely  understood.  Our  laboratory  previously  reported  involvement  of  the 
mitochondrial  mediated  apoptotic  pathway  and  UPR  pathway  after  estrogen  treatment  in  these  cells. 
Here  we  reportestrogen- induced  phosphorylation  of  eIF2a  in  MCF7:5C  cells  which  is  activated  by 
PERK-  an  important  branch  of  UPR.  Figure  2  shows  time  dependent  increase  in  phospho-eIF2a 
levels  after  estrogen  treatment.  As  a  positive  control  we  used  thapsigargin  (lpM)  a  rapid  inducer  of 
ER  stress  and  UPR.  Since  thapsigargin  rapidly  induces  UPR  and  apoptosis  we  treated  the  MCF7:5C 
cells  for  2,  6  and  24  hrs  with  thapsigargin.  On  the  other  hand,  estrogen-induced  UPR  and  apoptosis 
was  delayed  as  a  significant  increase  in  phospho  eIF2a  was  evident  only  after  24  hrs  as  compared  to 
within  2  hrs  after  thapsigargin  treatment.  The  cleavage  of  PARP,  a  marker  of  apoptosis,  was 
observed  after  48  hrs  of  estrogen  treatment.  Interestingly,  ATF4  protein,  a  transcription  factor, 
increases  after  enhanced  phosphorylation  of  eIF2a.  ATF4  can  increase  the  levels  of  CHOP  (also 
known  as  DDIT3)  which  induces  apoptosis. 
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Figure  17  Effect  of  17-p  estradiol  (E2) 
treatment  on  phosphorylation  of  eIF2a  and 
induction  of  apoptosis.(A)  Time  dependent 
effects  of  E2  on  phosphorylation  of  eIF2a 
and  its  down-stream  signaling  molecules  in 
MCF7:5C  cells.  Thapsigarin  (lpM)  was  used 
as  a  positive  control  for  induction  of  UPR 
and  apoptosis.  MCF7:5C  cells  were  treated 
with  E2  (InM)  or  thapsigargin  (lpM)  for 
indicated  time  periods  and  total  protein  was 
extracted.  Equal  amount  of  proteins  were 
run  on  gel  and  transferred  to  nitrocellulose 
membranes  by  western  blotting.  The 
membranes  were  probed  with  indicated 
antibodies.  (B)  Effect  of  E2  treatment  on  the 
mRNA  levels  of  GADD34  (PPP1  R15A)  over 
96  hour  time  period.  This  data  was  extracted 
from  the  micro -array  analysis. 


Our  results  demonstrate  that  all  these  factors  are  involved  in  the  estrogen-induced  apoptosis 
of  the  MCF7:5C  cells.Two  enzymes-  namely,  GADD34  (PPP1  R15A)  and  CReP  are  responsible  for 
the  de-phosphorylation  of  eIF2a  and  help  in  regain  the  translation  activity  of  the  cell.  We  checked 
the  regulation  of  these  enzymes  in  MCF7:5C  cells  after  estrogen  treatment  and  found  gradual  initial 
increase  in  CReP  protein  levels  (upto  24  hrs)  but  the  levels  decreased  thereafter  and  reached  the 
levels  of  vehicle  treated  cells  after  96  hours  (Figure  2A).  On  the  other  hand,  GADD34  (growth  arrest 
and  DNA  damage-34)  protein  levels  were  unchanged  throughout  the  course  of  estrogen  treatment  (2- 
96  hrs).  Interestingly,  the  mRNA  levels  of  GADD34  were  induced  after  72-96  hours  after  estrogen 
treatment  (Figure  2B).  The  GADD34  RNA  induction  represents  a  feed-back  loop  which  is  a  measure 
for  the  remediation  of  ER  stress.  However,  theinduction  of  mRNA  without  concurrent  increase  in  the 
protein  levels  of  GADD34  indicates  that  the  cells  are  incapacitated  to  translate  the  increased  mRNA 
into  protein.  This  may  be  due  to  the  blockage  of  global  translational  machinery  of  the  cells  because 
of  high  levels  of  phospho-eIF2a.  It  is  however  evident  from  the  figure  4  that  neither  of  the  enzymes 
is  able  to  reduce  the  phospho-eIF2a  levels  induced  by  estrogen  in  the  MCF7:5C  cells  resulting  into  a 
sustained  ER  stress. 


Sustained  phosphorylation  of  eIF2a  by  salubrinal  (SAL)  induces  apoptosis  in  MCF7:5C  cells. 
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We  tested  that  if  phosphorylation  of  the  eIF2a  was  sufficient  to  induce  apoptosis  of  the  MCF7:5C 

120 


Figure  18  Effect  of  salubrinal  (SAL)  in  absence  or  presence  of  17-p  estradiol  (E2;  InM) 
treatment  on  apoptosis  in  MCF7:5C  cells.MCF7:5C  cells  were  treated  with  vehicle,  E2  (InM), 
and  different  concentration  of  SAL  with  or  without  InM  of  E2  over  a  six  day  period.  Cells 
were  then  harvested  and  Total  DNA  was  assessed  as  a  measure  of  cell  growth/  apoptosis. 
Data  is  represented  as  the  percent  of  DNA  of  vehicle  treatment.  All  the  values  are  average  +/- 
SD  of  four  replicates. 


cells.  To  induce  sustained  eIF2a  phosphorylation  we  used  the  compound  salubrinal  which  is  known 
to  inhibit  the  enzymes  GADD34  and  CReP  (constitutive  repressor  of  eIF2a  phosphorylation),  which 
are  responsible  for  de-phosphorylation  of  eIF2a  (Figure  1)(22).  Salubrinal  was  able  to  induce 
apoptosis  in  a  dose  dependent  manner  (Figure  18).  Five  micro-molar  of  SAL  was  as  efficient  as  E2 
treatment  in  inducing  apoptosis  over  a  period  of  six  day  assay.  Interestingly,  the  combination 
treatment  of  SAL  and  E2  was  more  potent  in  inducing  apoptosis  than  either  of  the  treatment  alone. 
This  suggested  that  E2  and  SAL  co-operated  in  a  way  which  enhanced  the  apoptotic  effect.  To 
further  investigate  the  effect  of  SAL  with  or  without  E2  we  determined  the  levels  of  phosphorylated 
eIF2a  and  its  down-stream  signaling  following  the  treatment  of  SAL  in  presence  or  absence  of  E2. 
SAL  treatment  alone  (2.5pM  and  5.0pM)  showed 
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Figure  19  Effect  of  salubrinal  (SAL) 
in  absence  or  presence  of  17-p 
estradiol  (E2;  InM)  treatment  on 
phospho  eIF2a  and  other  apoptotic 
markers  in  MCF7:5C 

cells.MCF7:5C  cells  were  treated 
with  vehicle,  E2  (InM),  and  different 
concentration  of  SAL  (as  indicated) 
with  or  without  InM  of  E2  for  24  or 
48  hrs.  Cells  were  then  harvested 
and  total  protein  was  isolated.  Equal 
amount  of  proteins  were  run  on  gel 
and  transferred  to  nitrocellulose 
membranes  by  western  blotting.  The 
membranes  were  then  probed  with 
the  indicated  antibodies. 


Phospho-deficient  eIF2a  prevents  apoptotic  signaling  in  MCF7:5C  cells. 

To  further  confirm  the  critical  role  phosphorylated  form  of  eIF2a  (serine  51)  we  transiently 
transfected  the  plasmids  harboring  a  mutation  where  serine  is  replaced  by  alanine  at  the  5 1  position, 
which  renders  the  eIF2a  protein  as  phospho-deficient.  We  used  the  wild-type  eIF2a  plasmid  as  a 
control.  These  plasmids  have  been  previously  used  by  another  laboratory.  To  characterize  the 
plasmids  in  the  MCF7:5C  cells  we  used  various  amount  of  plasmids  to  transfect  the  MCF7:5C  cells 
using  the  Fugene  HD  (Promega,  Madison,  WI,  USA)  transfection  reagent.  After  the  transfection,  we 
used  thapsigargin  (lpM)  for  4  hours  to  induce  ER  stress  and  eIF2a  phosphorylation.  The  result 
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(Figure  20)  clearly  demonstrates  that  phospho-mutant  eIF2a  plasmid  transfection  was  able  to 


Plasmids  < - WTeIF2a - >  < - MT  eIF2a - > 


Figure  20._Effect  of  phospho-mutant 
eIF2a  (serine-51  to  alanine;  MT  eIF2a) 
transfection  on  thapsigargin  induced 
UPR  and  apoptosis  in  MCF7:5C  cells. 
MCF7:5C  cells  were  transiently 
transfected  with  indicated  amount  of 
either  mutant  (MT  eIF2a)  or  wild  type 
(WT  eIF2a)  plasmids  for  48  hrs  and 
treated  with  thapsigargin  (lpM)  for  4 
hrs  and  harvested  for  protein.  Equal 
amount  of  proteins  were  run  on  gel 
and  transferred  to  nitrocellulose 
membranes  by  western  blotting.  The 
membranes  were  then  probed  with  the 
indicated  antibodies. 


significantly  reduce  the  eIF2a  phosphorylation  as  compared  to  wild  type  eIF2a  transfection  after  4 
hrs  of  thapsigargin  treatment.  A  sharp  reduction  in  cleavage  of  PARP  (Figure  20)  was  also  noted  in 
the  MCF7:5C  cells  transfected  with  the  mutant  plasmid  as  compared  to  wild  type  plasmid.  This 
indicated  that  phosphorylation  of  serine  51  of  eIF2a  was  critical  in  mediating  the  UPR  induced 
apoptosis  in  the  MCF7:5C  cells.  Presently,  we  are  conducting  the  experiments  with  estrogen 
treatment  under  similar  conditions  to  establish  that  serine  51  phosphorylation  of  eIF2a  is  critical  for 
estrogen  induced  UPR  and  apoptosis. 


Role  of  C/EBP  homologous  protein  (CHOP)/  DDIT3  in  UPR-  induced  apoptosis  in  MCF7:5C 
cells. 

Elevated  CHOP  level  is  down-stream  of  ATF4,  which  in  turn  is  increased  following 
sustained  high  levels  of  phosphorylated  eIF2a.  We  therefore,  investigated  the  critical  role  of  CHOP 
in  induction  of  the  ER  stress  mediated  apoptosis  in  the  MCF7:5C  cells.  For  this  we  first  made  stably 
transfected  MCF7:5C  cells  which  expressed  short  hairpin  (sh)-  RNA  to  knock-down  CHOP  levels. 
Two 


Figure  21  Effect  of  CHOP  /  DDIT3  knock-down  on  thapsigargin-induced  ER-stress  and  apoptosis  in  MCF7:5C 
cells.  MCF7:5C  cells  were  stably  transfected  using  lentivirus  containing  short  hairpin  (sh)  RNA  against  ddit3  gene 
for  knock-down  of  CHOP.  Two  separate  shRNA  was  used  to  generate  sh_ddit3  #1  and  sh_ddit3  #2  respectively.  A 
non-targeting  shRNA  was  used  to  generate  the  non-targeting  control  (NTC)  cells  for  comparison.  Thapsigargin 
(lpM)  was  used  to  treat  the  cells  for  6  and  24  hrs.  The  cells  were  then  harvested  for  protein.  Equal  amount  of 
proteins  were  run  on  gel  and  transferred  to  nitrocellulose  membranes  by  western  blotting.  The  membranes  were 
then  probed  with  the  indicated  antibodies. 
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separate  shRNA(sh_ddit3  #1  and  sh_ddit3  #2)  were  used  to  generate  two  stable  cell  lines  with 
CHOP  depletion.  The  negative  control  was  generated  by  stably  transfecting  MCF7:5C  cells  using  a 
non-targeting  sh  RNA  (NTC).  To  characterize  the  cells  we  treated  it  with  thapsigargin  (lpM)  for  4 
and  24  hrs  which  induces  ER  stress  and  CHOP  protein.  As  expected  CHOPwas  drastically  induced 
in  NTC  cells  after  6  and  24  hours  of  thapsigargin  treatment  (Figure  21)  whereas  the  MCF7:5C  cells 
stably  transfected  with  ddit3  shRNA(sh_ddit3  #1  and  #2)  showed  very  low  levels  of  CHOP  protein. 
The  sh_ddit3  #1  cells  revealed  more  effective  knock-down  of  CHOP  protein  as  compared  to 
sh_ddit3#2.  We  checked  the  ATF4  levels  which  is  the  up-stream  factor  of  CHOP  and  found  that 
thapsigargin  was  able  to  induce  ATF4  levels  after  6  and  24  hrs  in  the  NTC  as  well  as  the  CHOP 
deficient  MCF7:5C  cells  although  the  level  of  induction  was  modestly  lower  in  the  latter  cell  lines. 
One  of  most  important  down-stream  target  of  CHOP  is  BIM  (Bcl2  interacting  mediator  of  cell  death) 
which  plays  pivotal  role  in  induction  of  apoptosis  after  ER  stress  (23).  Previous  study  from  our 
laboratory  has  determined  that  BIM  knock-down  prevents  estrogen-induced  apoptosis  of  MCF7:5C 
cells(3).  Therefore  we  determinedthe  levels  of  BIM  protein  in  the  CHOP  deficient  MCF7:5C  cells 
after  thapsigargin  induced  ER  stress.  As  expected,  in  the  MCF7:5C  cells  depleted  of  CHOP  (Figure 
6)  failed  to  induce  BIM  whereas  the  NTC  cells  showed  a  significant  increase  in  BIM  levels.  These 
results  strongly  point  towards  the  facts  that  CHOP  deficient  MCF7:5C  cells  may  be  resistant  to  ER- 
stress  induced  apoptosis.  Further  detailed  studies  are  underway  to  confirm  that  the  same  pathway  is 
employed  for  the  estrogen  induced  ER  stress  and  apoptosis  of  MCF7:5C  cells. 

Overall,  this  section  has  established  that  estrogen-induced  apoptosis  of  MCF7:5C  cells  is 
mediated  by  ER-stress  and  UPR.  PERK  mediated  eIF2a  phosphorylation  is  the  key  pathway  by 
which  it  activates  the  apoptotic  signaling.  Moreover,  pharmacological  intervention  which  increases 
the  phosphorylated  status  of  eIF2a,  is  sufficient  to  induce  apoptosis  in  the  MCF7:5C  cells.  We  have 
also  studied  the  downstream  effectors  of  this  pathway  and  determined  that  ATF4,  CHOP  and  BIM 
play  important  roles  in  implementing  the  ER-stress  mediated  apoptosis  in  these  cells. 
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TASK  2.  GU/Jordan  -  To  elucidate  the  molecular  mechanism  of  E?  induced  survival  and 
apoptosis  in  breast  cancer  cells  resistant  to  either  selective  ER  modulators  (SERMs)  or  long¬ 
term  estrogen  deprivation. 

Task  2d:  (Sengupta  and  Jordan)  -  To  confirm  and  validate  developing  pathways  of  E2-induced 
breast  cancer  cell  survival  and  apoptosis. 

Task  2d  (Sengupta  and  Jordan)  -  Studies  carried  out  by  Dr.  Surojeet  Sengupta  in  the  Jordan 
laboratory  at  Georgetown  University 

Cyclin  Dependent  Kinase-9  Mediated  Transcriptional  De-regulation  of  cMYC  as  a  Critical 
Determinant  of  Aromatase-Inhibitor  Resistance  in  Estrogen  Receptor  Positive  Breast  Cancers 

Introduction: 

Tamoxifen  and  Aromatase  inhibitors  which  block  the  estrogen  receptor  action  or  estrogen 
synthesis  respectively,  are  the  therapy  of  choice  for  the  adjuvant  treatment  of  estrogen  receptor  alpha 
positive  (ERa+)  breast  cancers  (16,  24,  25).  Unfortunately,  tumor  resistance  to  endocrine  therapies, 
invariably  occurs  and  this  represents  a  major  clinical  concern  for  the  survivorship  of  the  patients.  In 
case  of  post-menopausal  hormone  receptor-positive  localized  breast  cancer  patients  treated  with 
adjuvant  endocrine  therapies,  15  %  of  patients  relapsed  within  5  year  of  treatment  (26,  27).  The 
majority  of  hormone  receptor  positive  advanced  breast  cancer  (ABC)  patients  treated  with  endocrine 
therapies  report  disease  progression  within  2-3  years  of  treatment  (28-30).  Aromatase  inhibitors  are 
marginally  superior  to  tamoxifen  treatment  in  ABC  but  eventually  68%  to  75%  patients  show 
disease  progression  within  three  years  (29).  It  is  therefore  appropriate  to  study  the  underlying 
molecular  mechanisms  which  contribute  to  estrogen  independence  and  acquire  resistance  to  identify 
novel  therapeutic  targets  for  the  endocrine  therapy  resistant  breast  cancers. 

Recent  clinical  studies  have  found  over-expression  of  the  cMYC  oncogene  and  the  genes 
regulated  by  cMYC  as  one  of  the  major  predictor  in  the  aromatase  inhibitor  resistant  breast  cancers 
(31-33).  Besides  endocrine  resistance,  cMYConcoprotein  have  been  found  to  regulate  the  expression 
of  “poor-outcome”  signature  genes  responsible  for  metastasis  (34).  A  meta-analysis  reported  that 
amplification  of  cMYC  in  breast  cancer  was  significantly  associated  with  risk  of  relapse  and  death 
(35).  A  recent  report  has  also  indicated  that  gain  of  cMYC  is  associated  with  the  progression  of 
invasive  ductal  carcinoma  (IDC)  from  the  ductal  carcinoma  in  situ  (DCIS)  (36). 

Although  this  information  provides  a  therapeutic  opportunity  to  block  the  growth  of  the  resistant 
breast  cancer  cells  by  targeting  the  cMYC,  it  has  not  been  successful  due  to  lack  of  a  drug-able 
domain  in  its  ‘basic  helix-loop-helix’  structure  (37).  Additionally,  unacceptable  toxicity  is  associated 
with  cMYC  inhibition,  as  the  protein  is  critically  involved  in  proliferation  and  regeneration  of 
normal  adult  tissues  (38,  39).  Other  approaches  such  as  synthetic  lethality  (40)  and  modulating 
chromatin-dependent  signal  transduction  have  been  used  to  circumvent  direct  targeting  of 
cMYC(41). 

To  determine  the  relevance  and  mechanism  of  the  cMYC  over-expression  in  imparting 
estrogen-independence  to  the  aromatase-resistant  breast  cancer  cells  we  used  the  long-term  estrogen 
deprived  MCF7  cells,  known  as  MCF7:5C  cells  (42),  which  can  proliferate  in  an  estrogen-free 
environment  in  vitro  and  are  capable  of  forming  xenograft  tumors  in  ovariectomized,  athymic  mice 
(3).  Paradoxically,  these  cells  undergo  apoptosis  in  response  to  estrogen  treatment  in  vitro  as  well  as 
in  vivo( 3,  4). 
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This  study  dissects  the  molecular  mechanism  involved  in  the  transcriptional  over-expression 
of  cMYC  oncogene  in  MCF7:5C  cells,  which  imparts  estrogen-independence.  In  addition,  we 
present  CDK9  as  a  potential  target  for  therapeutic  intervention  which  can  inhibit  the  deregulated 
transcription  of  cMYC  leading  to  complete  inhibition  of  estrogen-independent  proliferation  of  the 
aromatase-resistant  breast  cancer  cells. 
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Work  Accomplished 


Estrogen-independent  growth  of  long-term  estrogen  deprived  ERa+  breast  cancer  cells  and 
levels  of  cMYC 

MCF7:5C  cells,  which  are  grown  in  the  absence  of  estrogen  for  more  than  a  year  (42),  were  used  to 
compare  the  estrogen-independent  growth  versus  parental  MCF7  cells.  A  comparison  of  growth  of 
MCF7:5C  cells  and  MCF7  cells  in  absence  of  phenol  red  and  estrogen  (Figure  22 A)  shows 
approximately  5  fold  higher  proliferation  of  MCF7:5C  cells  over  six  day  period.  Cell  cycle  analysis 
revealed  that  the  increase  in  growth  was  due  to  -3  fold  higher  number  of  “S”  phase  cells  in 
MCF7:5C  cells  (Figure  22B).  We  further  investigated  the  mRNA  and  protein  levels  of  cMYC  in 
MCF7:5C  and  parental  MCF7  cells.  As  evident  from  the  figure  1C  and  ID,  the  mRNA  and  protein 
levels  of  cMYC  were  approximately  3-4  fold  higher  in  MCF7:5C  cells  as  compared  to  MCF7  cells. 
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Figure  22:  Estrogen  independent  growth  and  levels  of  cMYC  mRNA  and  protein.  (A)  Estrogen 
independent  growth  of  MCF7:5C  and  MCF7  cells  over  6  day  period.  Un-treated  cells  were  grown  and 
total  DNA  was  measured  on  day  2,  4  and  6  after  seeding.  The  data  is  represented  as  fold  change  in 
growth.  (B)  “S”  phase  cells  were  assessed  by  cell  cycle  analysis  of  MCF7:5C  and  MCF7  cells  growing  in 
absence  of  estrogen.  (C)  cMYC  mRNA  levels  were  measured  in  MCF7:5C  cells  using  RT-PCR.  Data  is 
represented  as  fold  change  in  cMYC  mRNA  versus  MCF7  cells.  (D)  Western  blot  of  cMYC  protein  in 
MCF7  and  MCF7:5C  cells.  Beta  actin  was  used  as  a  control  for  loading. 


Inhibition  or  depletion  of  cMYC  blocks  estrogen-independent  proliferation  of  MCF7:5C  cells 

We  determined  the  functional  role  of  cMYC  over-expression  in  estrogen-independent  growth 
of  long-term  estrogen  deprived  MCF7:5C  cells  and  the  parental  MCF7  cells.  First,  we  blocked  the 
cMYC  action  in  the  cells  using  a  pharmacological  inhibitor  1005  8 -F4  which  has  been  shown  to 
specifically  inhibit  actions  of  cMYC  by  blocking  its  interaction  with  MAX  (43)  and  stabilize  the 
MYC  monomer  (44).  Treatment  with  10058-F4  showed  that  the  compound  selectively  inhibited  the 
estrogen-independent  growth  of  MCF7:5C  cells  in  a  dose-dependent  manner  as  compared  to  MCF7 
cells  over  a  four  day  period  (Figure  23 A).  Cell  cycle  analysis  confirmed  that  the  decrease  in 
proliferation  resulted  from  a  reduction  in  “S”  phase  cells  in  10058-F4  treated  MCF7:5C  cells  (Figure 
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23B).  The  reduction  was  in  MCF7:5C  cells  was  a  60%  decrease  in  ‘S’  phase  cells  as  compared  to 
only  a  10%  decrease  in  parental  MCF7  cells.  We  also  used  the  genetic  approach  to 
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Figure  23:  Pharmacological  inhibition  of  cMYC  preferentially  inhibits  estrogen  independent  growth  of 
MCF7:5C.  (A)  Total  DNA  was  measured  from  the  MCF7  or  MCF7:5C  cells  after  four  days  of  treatment 
with  cMYC  inhibitor  (10058-F4)  with  indicated  concentration.  (B)  “S”  phase  cells  were  assessed  using 
cell  cycle  analysis  of  MCF7  and  MCF7:5C  cells  treated  with  indicated  concentration  of  cMYC  inhibitor. 
(C)  Graphical  depiction  of  decrease  in  “S”  phase  cells  in  MCF7  and  MCF7:5C  cells  after  treatment  with 
cMYC  inhibitor. 


confirm  the  role  of  cMYC  in  MCF7:5C  cells,  by  depleting  cMYC  levels  using  short  interfering  RNA 
(siRNA).  As  evident  from  figure  18 A,  two  different  siRNA  against  cMYC  depleted  the  levels  of  its 
protein  in  MCF7:5C  cells.  Consistent  with  the  observation  of  pharmacological  intervention, 
depletion  of  cMYC  led  to  an  inhibition  of  proliferation  and  concurrent  decrease  (50-75%)  in  number 
of  ‘S’  phase  cells  (Figure  24B  and  24C,  respectively). 
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Figure  24:  Depletion  of  cMYC  and  estrogen  independent  growth.  (A)  Knock  down  of  cMYC  protein 
levels  after  two  different  siRNA  mediated  depletion  of  cMYC.  (B)  Assessment  of  “S”  phase  cells  using 
cell  cycle  analysis  48  hours  after  siRNA  mediated  depletion  of  cMYC  using  two  different  siRNA.  (C) 
Growth  of  MCF7:5C  cells  were  measured  after  depletion  of  cMYC  using  two  separate  siRNA  and 
compared  with  control  non-targeting  siRNA.  Total  DNA  was  assessed  after  2  and  4  days  of  growth  and 
the  fold  change  was  calculated  after  dividing  by  the  DNA  content  on  the  day  of  start  of  the  experiment 
(Day  ‘0’). 


cMYC  gene  expression  correlates  with  relapse  free  survival  (RFS)  in  endocrine  therapy  but  not 
chemotherapy  treated  patients 

We  used  an  up-dated  on-line  tool  (www.kmplot.com)  which  has  a  combined  data  set  from 
various  annotated  breast  cancer  studies  and  can  be  used  to  study  the  association  of  a  single  gene  with 
patients  outcome  using  various  user  defined  parameters  (45).  We  tested  the  RFS  of  the  breast  cancer 
patients  with  high  levels  of  cMYC  gene  expression.  The  top  25%  percent  highest  expressing  cMYC 
patients  (top  quartile)  were  compared  with  the  rest  of  the  75%.  Kaplan-Meier  plots  (Figure  25) 
reveal  that 
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high  levels  of  cMYC  expression  is  associated  with  poor  RFS  (P  value;  0.0093)  in 


Endocrine  Therapy 

(excludes  chemotherapy) 


Time  (years) 
number  at  risk 

847  614  245  0 

282  183  52  0 
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(excludes  endocrine  therapy) 
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number  at  risk 

398  348  292  245  199  143  47  8 
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Figure  25:  High  cMYC  expression  and  relapse  free  survival  (RFS)  in  ERa+  breast  cancer  patients. 
Kaplan  meier  plots  for  RFS  were  generated  using  the  on-line  tool  (www.kmplot.com)  with  combined 
data  sets  of  various  breast  cancer  studies  as  described  in  the  materials  and  methods.  Top  quartile  (25%) 
patients  with  highest  cMYC  levels  (red  line)  were  compared  with  rest  of  the  patient  population  (black 
line)  treated  with  either  endocrine  therapy  only  (left  panel)  or  with  chemotherapy  only  (right  panel). 


1129  patients  treated  with  endocrine  therapy  only  (Tamoxifen  or  AIs)  whereas  this  association  was 
not  observed  in  the  531  patients  (P  value;  0.89)  treated  with  chemotherapy  only.  This  results 
supported  our  hypothesis  that  cMYC  over-expression  was  key  factor  for  the  resistance  and  failure  of 
endocrine  therapy. 


Stability  of  cMYC  mRNA  in  MCF7:5C  and  MCF7  Cells 

The  steady  levels  of  cMYC  mRNA  is  a  function  of  rate  of  transcription  and  its  rate  of 
degradation.  Therefore  to  determine  the  basis  of  the  higher  steady  state  levels  of  cMYC  mRNA  in 
MCF7:5C  cells,  we  performed  pulse-chase  experiment  to  study  the  rate  of  degradation  of  cMYC 
mRNA  using  the  nascent  RNA  capture  kit  (Invitrogen;  cat  #  C 10365).  The  cells  were  pulsed  with  5- 
ethynyl  uridine  (EU)  (a  uridine  analog)  for  24  hrs  and  thereafter  chased  with  fresh  normal  media  for 
60  and  120  minutes.  The  EU-labeled  RNA  was  isolated  and  levels  of  cMYC  RNA  were  measured 
using  RT-PCR.  18s  ribosomal  RNA  was  used  as  an  internal  control  to  normalize  each  sample.  The 
rate  of  degradation  of  cMYC  mRNA  was  not  significantly  different  between  MCF7:5C  cells  and  its 
parental  control  MCF7  cells  after  60  and  120  minutes  of  chase  (Figure  26). 
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Figure  26:  cMYC  mRNA  stability  in  MCF7  and  MCF7:5C  cells.  Pulse  and  chase  experiment  was 
performed  using  5-ethynyl  uridine  (uridine  analog)  to  pulse  the  cells  for  24  hours  and  chased  for  60  and 
120  minutes  with  fresh  media.  The  data  represents  fraction  of  5-ethynyl  uridine  containing  cMYC  RNA 
remaining  relative  to  the  start  of  chase  time. 

l  o  rurtner  determine  me  mecnamsm  or  steady-state  transcriptional  over-expression  or  tne 
cMYC  mRNA  in  MCF7:5C  cells  we  probed  the  proximal  promoter  of  the  cMYC  gene  (Figure  27  A) 
in  terms  of  recruitment  of  phosphorylated  serine-5  and  phosphorylated  serine-2  RNA  polymerase 
II,  which  is  responsible  for  the  initiation  and  the  elongation  of  the  transcription  of  RNA, 
respectively.  ChIP  assay  using  phospho-specific  RNA  polymerase  II  antibodies  revealed  that  in 
MCF7:5C  cells 
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Figure  27  Recruitment  of  serine-5  and  serine-2  -phosphorylated  RNA  polymerase  II  at  the  cMYC 
promoter.  (A)  Schematic  presentation  of  cMYC  promoter  showing  the  transcription  start  site  (TSS).  The 
grey  box  represents  the  region  (~150bp  upstream  of  TSS)  probed  using  real-time  PCR  following  ChIP 
assay.  (B)  Recruitment  of  serine-2  phosphorylated  RNA  polymerase  II  and  (C)  serine -5  phosphorylated 
RNA  polymerase  II  was  assessed  by  ChIP  assay  followed  by  real-time  PCR  in  MCF7  and  MCF7:5C  cells. 
Values  are  represented  as  percent  input  of  the  starting  chromatin,  adjusted  for  control  IgM  recruitment  for 
each  sample.  (*  p<.05  versus  MCF7  cells)  (D)  Total  protein  levels  of  serine -2  and  serine-5  phosphorylated 
RNA  polymerase  II  in  MCF7  and  MCF7:5C  cells. 


the  recruitment  of  serine-2  phosphorylated  RNA  polymerase  II  was  more  than  3  fold  higher  than 
parental  MCF7  cells  (Figure  27B).  However,  no  difference  was  observed  in  the  recruitment  of 

46 


serine-5  phosphorylated  RNA  polymerase  II  at  the  cMYC  promoter  in  MCF7:5C  and  MCF7  cells 
(Figure  27C).  We  further  ascertained  that  the  total  levels  of  phosphorylated  serine-2  or  serine-5 
RNA  polymerase  was  not  different  in  MCF7:5C  cells  as  compared  to  MCF7  cells  (Figure  27D). 


Levels  of  cyclin  dependent  kinase  9  (CDK9)  in  MCF7:5C  and  MCF7  cells  and  its  role  in  estrogen- 
independent  growth 

CDK9  is  a  major  kinase  which  is  responsible  for  the  phosphorylation  of  serine-2  RNA 
polymerase  II  but  not  serine-5  RNA  polymerase  II  (46,  47)  and  the  elongation  of  RNA  transcripts 
(48).  We  therefore  examined  the  total  and  the  phosphorylated  CDK9  levels  in  MCF7:5C  and  MCF7 


Figure  28:  Total  CDK9  levels  and  effect  of  its 
inhibition  on  estrogen-independent  growth.  (A) 
Protein  levels  of  phospho  and  total  CDK9  and 
CTDP1  was  assessed  using  western  blotting  in 
MCF7  and  MCF7:5C  cells.  The  numbers  above 
each  band  correspond  to  the  fold  change  in 
protein  levels  versus  MCF7  cells  adjusted  for 
beta  actin  levels  for  each  sample.  (B)  Total  DNA 
was  measured  to  assess  the  growth  of  MCF7  and 
MCF7:5C  cells  after  2, 4  and  6  days  of 
treatment  with  indicated  doses  of  the  CDK9 
inhibitor,  CAN508. 


The  total  as  well  as  the  phosphorylated  CDK9  levels  was  elevated  in  MCF7:5C  cells  by  2.5  and  3.1 
fold  respectively  (Figure  28A).  We  also  observed  a  slight  increase  in  the  levels  of  CTDP/  FCP1 
protein  in  MCF7:5C  cells,  which  is  known  to  dephosphorylate  CDK9  (46)  (Figure  28 A). 
Interestingly,  FCP1  has  also  been  reported  to  stimulate  transcription  elongation  (49).  Next,  we  used 
specific  potent,  competitive  inhibitor  of  CDK9,  known  as  CAN  508  (50)  to  study  the  role  of 
CDK9  in  estrogen-independent  growth  of  MCF7:5C  cells  and  compared  it  with  the  parental  MCF7 
cells.  CAN  508  treatment  completely  block  the  growth  of  the  MCF7:5C  cells  in  a  selective  and  dose 
dependent  manner  (Figure  28B).  By  contrast,  minimal  growth  inhibitory  effects  were  observed  in 
case  of  parental  MCF7  cells  (Figure  28C). 
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CDK9  inhibition  blocks  transcription  ofcMYCRNA  and  levels  of  cMYC  protein  in  MCF7:5C 
cells 

Inhibition  of  CDK9  in  MCF7:5C  cells  by  using  100  |iM  CAN  508,  resulted  in  approximately 
60%  decrease  in  cMYC  mRNA  within  one  hour  of  treatment  (Figure  29 A).  This  was  followed  by 
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Figure  29:  CDK9  inhibition  reduces  cMYC  mRNA  and  protein.  (A)  Levels  of  cMYC  mRNA  was  measured 
by  quantitative  RT-PCR  in  MCF7:5C  cells  after  one  and  two  hrs  of  CDK9  inhibition  by  lOOpM  of 
CAN508.(*  p<.05  versus  vehicle  (Yeh)  treatment.(B)  Protein  levels  of  cMYC,  phospho -serine-2  and  serine-5 
RNA  polymerase  II  after  inhibition  of  CDK9  by  lOOpM  of  CAN508  for  indicated  time  points.  The  numbers 
above  each  band  correspond  to  the  fold  change  in  protein  levels  versus  vehicle  (Veh)  treatment  adjusted  for 
beta  actin  levels  for  each  sample. 


dependent  decline  in  cMYC  protein  levels  (Figure  29B).  Concomitant  inhibition  of  serine-2 
phosphorylated  RNA  polymerase  II CTD  was  also  observed  within  an  hour  of  treatment  (Figure 
14B)  indicating  its  role  in  cMYC  transcription.  As  evident  from  figure  29B,  serine-5 
phosphorylation  of  RNA  polymerase  II  CTD  was  not  much  altered  within  4  hours  of  CDK9 
inhibition.  Although  later  time  points  showed  marked  reduction  in  serine-5  phosphorylation,  along 
with  serine-2  phosphorylation  which  was  most  likely  due  to  secondary  effects. 

In  this  section,  we  have  delineated  the  transcriptional  mechanism  of  cMYC  over-expression, 
following  long-term  estrogen  deprivation  of  hormone  responsive  ERa+  breast  cancer  cells,  and 
propose  a  model  (Figure  30)  which  mediates  the  estrogen  independent  proliferation  of  these  cells. 
We  suggest  that  there  will  be  a  potential  clinical  benefit  by  using  CDK9  inhibitors  in  the  treatment 
of  endocrine  therapy  resistant  breast  cancers. 
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Figure  30:  Proposed  model  of  cMYC  transcriptional  regulation  in  MCF7:5C  cells.  The  cartoon  depicts  our 
findings  on  the  CDK9  mediated  cMYC  transcriptional  regulation  and  its  role  in  estrogen -independent 
growth  of  the  MCF7:5C  cells. 
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TASK  2.  GU/Jordan  -  To  elucidate  the  molecular  mechanism  of  E?  induced  survival  and 
apoptosis  in  breast  cancer  cells  resistant  to  either  selective  ER  modulators  (SERMs)  or  long¬ 
term  estrogen  deprivation. 

Task  2e  :Obiorah  and  Jordan  -  To  determine  the  trigger  point  for  estradiol  induced  apoptosis 
and  explore  differential  gene  expression  in  comparison  to  cytotoxic  chemotherapy  induced 
apoptosis. 

Task  2e  (Obiorah  and  Jordan)  -  Studies  carried  out  by  Dr.  Ifeyinwa  Obiorah  in  the  Jordan  laboratory 
at  Georgetown  University 

DELAYED  TRIGGERING  OF  ESTROGEN  INDUCED  APOPTOSIS  THAT  CONTRASTS 
WITH  RAPID  PACLITAXEL  INDUCED  BREAST  CANCER  CELL  DEATH 


INTRODUCTION 

Endocrine  therapy  remains  the  standard  of  care  in  the  treatment  of  estrogen  receptor  (ER) 
positive  breast  cancer(51).  Tamoxifen  inhibits  estradiol  (E2)-induced  tumor  growth;  but  continuous 
tamoxifen  treatment  of  nude  mice  with  transplantable  ER  positive  tumors  results  in  tumor  growth 
with  either  E2  or  tamoxifen  within  a  year  (52,  53).  Retransplantation  of  ER  positive  tamoxifen 
resistant  tumors  demonstrated  growth  that  occurred  with  either  physiologic  E2  or  tamoxifen  (53,  54). 
After  5  years  of  retransplantation  and  tamoxifen  treatment,  these  serially  transplanted  tamoxifen 
stimulated  tumors  grew  in  response  to  tamoxifen  but  paradoxically  rapidly  regressed  with 
physiologic  E2  treatment  (55).  Development  of  acquired  resistance  to  long  term  (5  years) 
antihormonal  therapy  in  breast  cancer  causes  a  reconfiguration  of  the  tumor  cells  that  now  makes 
them  vulnerable  to  physiologic  estrogen  induced  apoptosis.  We  have  previously  shown  that  MCF7 
breast  cancer  cells  that  are  resistant  to  long  term  estrogen  withdrawal  also  undergoes  apoptosis  in 
response  to  E2(56,  57).  Clinical  trials  have  evaluated  this  concept  for  patients  with  advanced  breast 
cancer  who  have  acquired  resistant  to  antihormone  therapy.  A  clinical  study  (58)found  that  high 
dose  diethylstilbestrol  induced  an  objective  response  in  30  percent  of  postmenopausal  breast  cancer 
patients  who  had  previous  exhaustive  antihormone  therapy.  Ellis  and  colleagues  (59)showed  that 
postmenopausal  women  with  aromatase  inhibitors  resistant  metastatic  breast  cancer,  had  a  29% 
clinical  benefit  with  low  dose  estrogen  (6mg  daily)  but  the  same  clinical  benefit  but  more  side 
effects  with  high  dose  estrogen  (30mg  daily).  Additional  clinical  evidence  for  the  antitumor  action  of 
low  dose  estrogen  comes  from  the  Women  Health  Initiative  (WHI)  trial  (60)  which  compared 
conjugated  equine  estrogen  (CEE)  therapy  with  placebo  in  hysterectomised  postmenopausal  women. 
The  original  report  (61)noted  a  paradoxical  decrease  in  incidence  of  breast  cancer  compared  to 
combination  CEE  and  progestin  (62,  63)and  this  observation  was  subsequently  supported  by  results 
from  the  Million  Women  Study(64).  In  neither  clinical  study  (61,  64)was  a  molecular  mechanism 
offered  to  explain  the  apparent  anomaly  that  CEE  alone  does  not  induce  a  profound  significant 
increase  in  breast  cancer  risk.  However  reanalysis  of  the  mature  data  from  the  WHI  CEE  alone  study 
(65)  now  demonstrates  a  persistent  and  sustained  decrease  in  the  incidence  and  mortality  of  breast 
cancer  in  women  who  received  estrogen  alone  therapy.  We  recently  reported  that  constituents  of 
CEE  cause  apoptosis  in  long  term  estrogen  deprived  MCF7  cells  (66).  Given  that  these  laboratory 
observations  translate  to  clinical  benefit  for  patients,  it  is  appropriate  to  investigate  the  molecular 
events  that  precede  the  induction  of  apoptosis  by  E2. 


50 


Cancer  chemotherapy  induces  rapid  death  of  neoplastic  cells(67,  68),  but  estrogen  induced 
apoptosis,  in  contrast,  is  a  delayed  event.  We  (69)  recently  identified  the  total  gene  activation 
sequence  that  occurs  over  a  7  day  period  during  E2  induced  apoptosis  using  long  term  estrogen 
deprived  estrogen  responsive  breast  cancer  cells.  Endoplasmic  reticulum  stress  (ERS)  is  induced  by 
E2,  which  activates  unfolded  protein  response  leading  to  upregulation  of  mitochondrial  proapoptotic 
genes.  Involvement  of  the  extrinsic  pathway  in  E2  induced  apoptosis  have  been  implicated  but  its 
exact  role  is  not  clearly  defined(70,  71).  However,  nothing  is  known  on  the  effect  of  cytotoxic 
chemotherapy  in  the  MCF7:5C  cells.  Paclitaxel,  a  member  of  the  drug  family,  the  taxanes  is  a 
mitotic  spindle  inhibitor  that  prevents  destabilization  of  microtubules(72,  73).  Taxanes  are  used 
extensively  as  part  of  combination  therapy  in  metastatic  breast  cancer  (74,  75)and  are  the  gold 
standard  in  the  adjuvant  therapy  of  early  breast  cancer  where  they  decrease  risk  of  cancer  recurrence 
and  mortality(76,  77). 

The  goal  of  this  paper  is  to  determine  the  critical  trigger  point  for  estradiol  induced  apoptosis. 
We  have  explored  the  differential  gene  expression  as  a  prelude  to  determining  the  early  molecular 
events  in  E2  induced  apoptosis  in  comparison  to  cytotoxic  chemotherapy-induced  apoptosis. 
Induction  of  mRNA  levels  of  proapoptotic  genes  was  measured  to  confirm  whether  mitochondrial 
and  tumor  necrosis  factor  (TNF)  apoptotic  pathways  were  activated.  We  further  compared  and 
contrasted  the  ability  of  E2  and  paclitaxel  to  arrest  cell  cycle  to  advance  the  molecular  understanding 
of  the  clinically  relevant  new  biology  of  estrogen-induced  apoptosis. 


WORK  ACCOMPLISHED 

Antiproliferative  effects  of  estradiol  and  paclitaxel  in  MCF7:5C  cells 

Long  term  estrogen  deprived  MCF7  cells  grow  independently  of  estrogens  and  undergo  apoptosis  in 
the  presence  of  E2(56).  We  sought  to  compare  the  antiproliferative  activity  between  paclitaxel  and  E2 
in  the  MCF7:5C  cell  line  and  explore  their  potential  to  induce  apoptosis.  Paclitaxel  induced  rapid 
inhibition  of  growth  in  a  concentration  dependent  manner  with  maximum  inhibition  at  0.1  pM.  Fifty 
percent  growth  inhibition  was  achieved  by  24h  (Fig.  31  A),  which  increased  to  almost  100%  after 
48h  of  treatment  (Fig.  3 IB).  In  contrast,  E2  achieved  maximal  growth  inhibition  at  O.lnM,  and  did 
not  quantitatively  prevent  cell  proliferation  until  after  72hrs  (Fig.  31C).  Twenty  five  percent  of 
growth  inhibition  occurred  at  96h  with  E2  treatment  (Fig. 3  ID)  and  this  increased  to  80%  at  the  120h 
time  point  (Fig.31E). 
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Determination  of  the  critical  trigger  point  of  estradiol  induced  apoptosis 

Figure  31  Effect  of  E2  and  Paclitaxel  on  the  growth  characteristics  and  apoptosis  in  the  MCF-7:5C  Cells.  MCF- 
7:5C  cells  were  seeded  in  24  well  plates  and  treated  with  E2  and  paclitaxel  over  a  range  of  doses  and  cells  were 
harvested  after  (A)24H  (B)  48h  (C)  72h  (D)  96h  and  (E)  120h.  Data  points  shown  are  the  average  of  3  replicates 
+/-  SD.  [**p<0.02.  ***  p<0.003,  ****p<0.001] 

Determination  of  the  critical  trigger  point  of  estradiol  induced  apoptosis 

Although  E2  treatment  induces  apoptosis  of  MCF7:5C  cells  in  a  concentration  dependent  manner  by 
the  end  of  seven  days  treatment,  the  cells  are  unresponsive  to  the  antiestrogen,  40HT.  Rather  40HT 
blocks  E2  mediated  apoptosis.  To  further  investigate  the  delayed  response  to  E2  mediated  apoptosis 
and  determine  the  critical  trigger  point  for  E2  induced  apoptosis,  we  used  40HT  to  block  and  rescue 
the  cells  from  the  apoptotic  effect  of  E2.  In  this  way,  we  established  when  the  cells  are  committed  to 
cell  death.  MCF7:5C  cells  were  treated  with  1  nM  of  E2  and  subsequently  lpM  of  40HT  was  used 
to  block  the  apoptotic  effects  of  E2  at  the  indicated  time  points  over  a  range  of  96h  after  the  addition 
of  E2.  Cells  were  then  all  collected  for  DNA  assay  on  day  7.  Apoptosis  triggered  by  E2  was 
competitively  inhibited  and  rescued  for  up  to  24hrs,  and  thereafter,  it  lost  the  ability  to  rescue  cells 
committed  to  E2  induced  apoptosis  (Fig.  32).  At  36  hrs,  the  cells  are  committed  to  apoptosis  despite 
the  antiestrogenic  action  of  40HT.These  data  suggest  that  the  critical  trigger  for  the  commitment  of 
the  cell  to  the  induction  of  apoptosis  by  E2  lies  at  this  time  point. 
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Figure  32.  Deciphering  the  trigger  point  for  E2  induced  apoptosis.  Cells  were  treated  with  E2  (InM)  alone  and 
lpM  40HT  was  added  and  used  to  block  and  reverse  E2  action  at  6h,  12h,24h,36h,  48h,  60h,72h,84h,and  96h. 
The  cells  were  harvested  after  7  days  of  treatment.  The  extent  of  apoptosis  was  determined  by  measuring  the 
DNA  content  of  the  remaining  cells  in  each  well.  The  experiment  was  done  in  triplicates  and  the  data  represent 
the  mean  of  three  independent  experiments  with  95%  confidence  intervals.  The  trigger  point  for  E2  mediated 
apoptosis  was  elucidated  at  the  time  when  the  apoptotic  effects  of  E2  could  not  be  blocked  by  40HT. 

Differential  gene  expression  of  E2  mediated  apoptosis  at  the  critical  trigger  point 

To  identify  genes  associated  with  E2-induced  apoptosis  with  a  particular  focus  on  the  critical  trigger 
time  point,  differential  regulation  of  apoptotic  gene  expression  in  response  to  E2  was  interrogated  in 
the  MCF7:5C  cells.  Cells  were  treated  with  InM  E2or  without  E2  (control),  lpM  40HT  and  E2  in 
combination  with  40HT  over  a  48  h  time  course  consisting  of  3  time  points(24,36  and  48h).Gene 
expression  was  measured  using  customized  RT-PCR  profiler  assay  kits  that  include  384-well  plates 
to  profile  expression  of  370  apoptosis  related  human  genes  (see  Methods).  The  PCR  arrays  performs 
gene  expression  analysis  with  real-time  PCR  sensitivity  and  the  multi-gene  profiling  capability  of  a 
microarray.  Analyses  for  significantly  regulated  genes  are  described  in  the  Materials  and  Methods. 
At  24h,  as  expected  significant  evidence  of  apoptotic  gene  induction  is  not  apparent,  rather 
proapoptotic  genes  such  as  BAD,BCL2L10  and  Caspases  1,  9  and  10  are  differentially 
downregulated  by  E2  (STable  1).  TNF  related  genes,  TNFRSF8  and  TNFSF14  are  induced  by  both 
E2  and  40HT  and  they  do  not  play  a  definitive  role  in  the  TNF  mediated  apoptosis  but  rather  are 
involved  in  the  T  cell  response.  Interestingly,  at  36hrs  (Fig.  33A),  which  represents  the  trigger  point 
for  apoptosis,  E2  induces  proinflammatory  genes  such  as  CEBPB,  CEBPG,  and  DAPK1  and 
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endoplasmic  reticulum  stress  (ERS)  genes;  DDIT3  and  ERN  1.  BCL2L11(BIM),  an  important 
member  of  the  mitochondrial  pathway  and  an  apoptosis  activator  is  also  upregulated  by  E2, 
suggesting  an  early  involvement  of  the  intrinsic  pathway.  Following  48hrs  of  E2  treatment  (Fig. 
33B),  the  gene  expression  expands  to  involve  the  TNF  death  receptor  genes  FAS,  TNFRSF21  and 
TNF  and  continued  increased  expression  of  ERS  and  proinflammmatory  genes.  In  addition  p53 
expression  is  increased  at  48hrs.  PMAIP  1  (also  known  as  NOXA),  a  Bcl-2  homology  (BH3)  only 
family  NOXA,  a  p53  regulated  gene  is  also  upregulated  by  E2.  40HT  acted  as  an  antiestrogen  and 
was  able  to  block  all  effects  of  E2.  The  identified  apoptosis  related  genes  are  listed  in  STable  1-3. 


Figure  33.  Heat  map  of  E 2  mediated  apoptotic  genes  which  are  differentially  expressed  by  36h  and  48  h  of 
treatment.  Cells  were  parsed  into  groups  of  3  replicates  per  treatment  per  time  point,  and  then  treated  with  either 
0.1%ethanol  (control),  InM  E2,  1  pM  40HT  in  the  presence  or  absence  of  E2  over  a  period  of  48  h.  Total  RNA 
was  extracted  and  reverse  transcribed  as  described  in  materials  and  methods.  Samples  were  loaded  onto 
customized  PCR  array  plates  with  primers  for  indicated  apoptotic  genes.  Gene  expression  values  were  obtained 
and  analyzed  in  comparison  to  the  controls  at  (A)  36h  and  (B)  48h.  The  maximum  expressed  level  of  any  given 
gene  is  represented  by  red  color  and  minimum  levels  are  presented  as  green  color.  Control  group  and  group  1,  2, 
3, 4  are  the  re-presentation  of  the  vehicle,  E2 , 40HT,  and  combination  therapy  of  E2  and  40HT  respectively. 


Paclitaxel  induces  apoptosis  in  MCF7:5C  cells  through  a  death  receptor  mediated  pathway. 
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Paclitaxel  induces  apoptosis  rapidly  in  MCF7:5C  cells  (Fig.  31).  We  further  investigated  expressed 
genes  activated  by  paclitaxel  that  may  define  a  molecular  mechanism.  MCF7:5C  cells  were  treated 
with  lpM  paclitaxel  at  indicated  time  points  and  samples  were  quality  controlled  for  gene 
expression  using  PCR  array.  Paclitaxel  selectively  activated  the  TNF  family  of  apoptotic  related 
genes.  After  an  initial  12hrs  of  treatment  (Fig.  34  a-b),  paclitaxel  stimulated  TNFRSF10A  (TNF 
receptor  superfamily,  member  10a)  and  TNFRSF10B  (TNF  receptor  superfamily,  member  10b) 
which  are  known  to  be  activated  by  the  ligand  TNF-related  apoptosis  inducing  ligand 
(TNFSF1 0/TRAIL),  and  causes  death  through  the  extramitochondrial  pathway.  TNFRSF19  (TNF 
receptor  superfamily,  member  19)  induces  apoptosis  in  a  caspase-independent  manner.  In  addition, 
TNF  proapoptotic  genes,  including  FAS,  TNF  and  other  TNF  proinflammatory  genes;  LTA,  LTB 
and  TNFAIP3  are  activated  by  24h  of  treatment  with  paclitaxel  (Fig.  4c-d).  Paclitaxel  further 
induces  NOXA  and  CDKN1A  (p21)  which  is  known  to  inhibit  the  activity  of  cyclin-CDK2  or  - 
CDK4  complexes  at  the  G1  phase.  Although  these  two  p53  regulated  genes  were  upregulated  by 
paclitaxel,  p53  induction  was  not  observed  at  24h.  Unlike  E2,  which  increases  BIM  and  TNF  mRNA 
levels(Fig.35a-b),  paclitaxel  was  only  able  to  induce  TNF  expression  (Fig.35c-d).  These  results 
highlight  the  differences  in  apoptotic  pathways  between  the  two  treatments. 


Figure  34.Determination  of  apoptotic  genes  induced  by  a  cytotoxic  chemotherapy  in  MCF7:5C  cells.  MCF7:  5C 
cells  were  treated  with  either  0.1%ethanol  (control),  or  luM  paclitaxel  for  12h,  and  24  h.  Gene  expression  values 
were  obtained  and  analyzed  in  comparison  to  the  controls  and  volcano  plots  were  generated  at  12h  of  treatment 
(A)  and  the  expressed  genes  listed  (B).  Similarly,  gene  expression  levels  are  analyzed  after  24h  of  paclitaxel 
treatment  (C)  and  genes  are  listed  in  (D).The  genes  selected  were  at  least  2.5  fold  over-expressed  or  under¬ 
expressed  as  compared  to  vehicle  at  p  value  of  0.05.  Genesupregulated  are  represented  in  pink  and  dowregulated 
genes  are  represented  in  green. 
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Figure  35.  E2  Activates  both  Mitochondrial  and  Extrinsic  Pathway  of  Apoptosis,  while  Paclitaxel  Activates  only 
the  Extrinsic  Pathway. 

MCF7:5C  cells  were  treated  with  Vehicle  (Veh),  1  nM  E2,  lpM  or  combination  treatment  of  E2  and  40HT  for 
24,  36  and  48  h.  Total  RNA  was  reverse  transcribed  and  assessed  for  (A)  BIM  and  (B)  TNF  gene  expression. 
Induction  of  (C)  BIM  and  (D)  TNF  mRNA  was  determined  in  MCF7:5C  cells  treated  either  Veh  or  lpM 
paclitaxel  for  12h  and  24h  using  RT-PCR.  PCR  data  values  are  presented  as  fold  difference  versus  vehicle  treated 
cells  ±  SEM.  [**  p<0.02,***  p<0.0003,****p<0.0001] 

Differential  effect  of  paclitaxel  in  induction  of  G2  blockade  in  comparison  to  E2. 

Paclitaxel  prevents  progression  of  mitosis  and  activates  the  mitotic  checkpoint,  paving  a  path  for 
apoptosis.  To  elucidate  whether  the  apoptotic  effects  of  paclitaxel  in  comparison  to  E2  were 
mediated  through  cell  cycle  arrest,  we  performed  cell  cycle  analysis  in  MCF7:5C  cells  treated  with 
either  vehicle  control  (Veh),  lnME2  or  lpM  paclitaxel  for  12hrs,  24hrs,  and  48hrs  using  flow 
cytometry.  Our  results  reveal  that  paclitaxel  treatment  causes  accumulation  of  cells  in  G2/M  phase 
with  a  concomitant  reduction  in  the  number  of  cells  in  Gi  phase  and  S  phase  (Fig.  5)  Cell  cycle 
arrest  in  G2/M  phase  was  about  3 -fold  higher  compared  with  control  and  E2  at  12h  and  rapidly 
increased  to  7-fold  by  48h.  In  contrast,  a  Gi  or  G2  blockade  was  not  observed  with  E2treatment, 
rather  an  increase  in  S  phase  consistently  occurred  at  all  time  points.  Based  on  these  observations, 
we  hypothesize  that  the  apoptotic  effects  of  paclitaxel  in  MCF7:5C  cells  results  from  a  perturbation 
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in  the  cell  cycle  check  points,  whereas  E2  induces  cell  proliferation  finally  resulting  in  apoptosis. 
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Figure  36.  Cell  cycle  analysis  of  the  effects  of  E2  and  paclitaxel  in  the  MCF7:5C  cells 

Representative  cell  cycle  profiles  of  MCF7:5C  cells  treated  with  either  0.1%ethanol  (vehicle),  E2  (InM)  or 
paclitaxel  (lpM)  for  12h,24h  and  48  h..  FL2-A  represents  the  intensity  of  propidium  iodide,  and  the  y  axis 
represents  the  cell  number. 


DISCUSSION 

The  molecular  sequence  of  events  resulting  in  either  E2  induced  apoptosis  and  paclitaxel 
induced  apoptosis  is  completely  different  in  antihormone  resistant  MCF7  breast  cancer  cells.. 
Paclitaxel  rapidly  inhibits  the  growth  of  MCF7:5C  cells  and  achieves  maximum  growth  inhibition  by 
48hrs.  In  contrast,  80%  growth  inhibition  occurs  with  E2  after  5  days  of  treatment,  showing  a 
delayed  process  for  the  induction  of  apoptosis.  Based  on  our  observations,  we  further  investigated 
the  slow  apoptotic  response  of  E2  to  determine  the  exact  duration  of  E2  exposure  necessary  to  trigger 
apoptosis.  Using  40HT  to  block  and  rescue  E2  induced  commitment  to  an  apoptotic  response,  we 
observed  that  the  trigger  for  apoptosis  occurs  after  24hrs  and  the  cells  become  committed  to 
apoptosis  by  36hrs.  There  is  activation  by  E2  of  ERS  genes;  DDIT3  and  ERN1  and  proinflammatory 
genes  such  as  CEBPB,  CEBPG,  and  DAPK1  at  36  hrs.  Activation  of  the  mitochondrial  pathway  was 
indicated  by  increased  expression  of  BCL2L11,BIM,  which  continued  to  be  upregulated  at  48hrs. 
Involvement  of  the  extrinsic  pathway  was  evidenced  by  induction  of  FAS,  TNFRSF21  and  TNF  and 
TNFAIP3  at  48hrs.  The  TNF  family  of  genes  are  a  group  of  cytokines  that  are  involved  in  a  number 
of  processes  including  apoptosis(78,  79)  and  inflammation(80).  The  increased  involvement  of  ERS 
and  inflammatory  genes  in  E2  induced  apoptosis,  is  not  surprising  because  both  pathways  are  known 
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to  intersect(81,  82).  Multiple  genes  induced  by  E2  are  NF-kB  responsive  which  is  a  major  regulator 
of  inflammatory  response(83,  84).  Upregulation  of  these  genes  such  as  BIM,  CEBPB/G,  TNF, 
TNFAIP3,LTA  and  LTB  provide  a  potential  mechanism  for  E2  to  target  a  variety  of  inflammatory 
and  apoptotic  genes. 

We  have  previously  reported  that  MCF7:5C  cells  respond  to  F2  by  suppressing  ERa 
signaling  leading  to  activation  of  ERS  and  inflammatory  stress(69).  As  a  consequence,  unfolded 
proteins  accumulate  and  prolonged  ERS  leads  to  activation  of  BCL2L11/BIM  and  BAX.  The 
importance  of  BIM  and  Bax  have  previously  been  noted  and  verified  by  selective  increased 
expression  of  both  proteins  by  E2(56).  Depletion  of  BIM  and  BAX  using  siRNA  blocked  E2 
mediated  apoptosis.  Involvement  of  the  death  receptor  signaling  (extrinsic)  pathway  in  E2  induced 
apoptosis  has  been  also  observed.  Osipo  et  al(71)  showed  that  E2  induced  regression  of  tamoxifen 
stimulated  breast  cancer  tumors,  by  activating  the  death  receptor  Fas  and  inhibiting  the 
antiapoptotic/prosurvival  factors  NF-kB  and  HER2/neu.  In  addition,  the  growth  of  raloxifene 
resistant  MCF7  cells  in  vitro  and  in  vivo  was  inhibited  by  E2  by  increasing  Fas  expression  and 
reduced  NF-kB  activity  (85).  However  unlike  the  present  study,  none  of  the  previous  studies 
investigated  a  time  course  of  the  intrinsic  and  extrinsic  pathway  in  the  MCF7:5C  cells  in  estrogen 
induced  apoptosis.  To  our  knowledge,  this  study  is  the  first  to  show  a  sequential  activation  of  the 
intrinsic  and  extrinsic  pathways  in  E2  mediated  apoptosis. 

Paclitaxel  a  mitotic  spindle  inhibitor  and  a  cytotoxic  chemotherapy  extensively  used  in  the 
treatment  of  breast  cancer  was  used  as  a  comparator  to  E2  to  demonstrate  differences  in  the 
expression  of  apoptosis  related  genes.  Paclitaxel  selectively  induces  the  TRAIL/TNFRSF10A/B 
pathway  as  well  as  the  orphan  TNF  receptor,  TNFRSF19  at  12hrs.  Increased  expression  of  TNF 
family  members  is  evident  at  24hrs  including  FAS,  TNF  and  other  TNF  proinflammatory  genes 
LTA,LTB  and  TNFAIP3  with  inhibition  of  the  cell  cycle  at  G1  checkpoint  by  p21.  Upregulation  of 
NOXA  along  with  p21  indicates  an  involvement  of  p53  but  p53  levels  did  not  reach  statistical 
significance.  On  the  other  hand,  paclitaxel  kills  the  MCF-7  cells  through  the  intrinsic  pathway  of 
apoptosis  by  displacement  of  BIM  from  the  BIM/BCL2  complex(86).  Knockdown  of  BIM  with 
siRNA  significantly  impairs  the  ability  of  paclitaxel  to  cause  apoptosis  in  the  MCF-7  cell  line  and 
the  extrinsic  pathway  was  not  required  for  apoptosis  in  the  MCF7  breast  cancer  cells(86,  87). 
Furthermore,  another  study(88)  showed  that  BIM  was  not  required  for  paclitaxel  mediated  apoptosis 
in  MCF-7  cells  and  these  apparent  discrepancies  could  be  due  to  differences  in  that  exist  from  cell 
lines  obtained  from  different  sources.  However,  long  term  deprivation  of  estrogen  from  the  MCF7 
cells  may  have  induced  changes  in  the  microenvironment  that  may  be  responsible  for  the  taxane  to 
act  immediately  via  the  extrinsic  apoptosis  pathway  in  the  MCF7:5C  cells.  Flow  cytometry  studies 
show  that  E2causes  both  proliferation  and  apoptosis  of  the  MCF7:5C  cells  indicating  that  before  the 
trigger  for  apoptosis  occurs,  the  cells  grow  in  response  to  E2.  Because  cells  continue  to  divide  early, 
the  antiproliferative  activity  of  E2do  not  become  evident  until  after  4  days  of  treatment.  In  contrast, 
Paclitaxel  causes  an  immediate  G2  blockade  by  12hrs  which  may  explain  the  rapid  induction  of 
apoptosis. 

In  conclusion,  E2  induces  ERS  which  leads  to  an  initial  activation  of  the  mitochondrial 
apoptotic  pathway  and  a  later  recruitment  of  the  TNF  apoptotic  pathway,  whereas,  paclitaxel  induces 
a  G2/M  blockade  and  rapidly  induces  apoptosis  through  the  TNF  pathway  of  apoptosis.  The  novel 
delayed  aspect  of  E2  induced  apoptosis  in  antihormone  resistant  breast  cancer  creates  a  new 
dimension  in  our  dimension  in  our  opportunities  to  apply  the  knowledge  for  this  targeted  therapy  of 
clinical  significance(59,  66,  89).  E2  induces  ERS  which  leads  to  an  initial  activation  of  the 
mitochondrial  apoptotic  pathway  and  a  later  activation  of  the  TNF  apoptotic  pathway.  Whereas, 
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paclitaxel  induces  a  G2/M  blockade  and  rapidly  induces  apoptosis  through  the  TNF  pathway  of 
apoptosis. 
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TASK  2.  GU/Jordan  -  To  elucidate  the  molecular  mechanism  of  E?  induced  survival  and 
apoptosis  in  breast  cancer  cells  resistant  to  either  selective  ER  modulators  (SERMs)  or  long¬ 
term  estrogen  deprivation. 

Task  2f:  Obiorah  and  Jordan  -  To  develop  laboratory  models  that  illustrate  the  new  biology  of 
estrogen  induced  apoptosis  or  growth  to  explain  the  effects  of  estrogen  replacement  therapy. 

Task  2f:  (Obiorah  and  Jordan)  -  Studies  carried  out  by  Dr.  Ifevinwa  Obiorah  in  the  Jordan  laboratory 
at  Georgetown  University 

The  scientific  rationale  for  a  delay  after  menopause  in  the  use  of  conjugated  equine  estrogens 
in  postmenopausal  women  that  causes  a  reduction  in  breast  cancer  incidence  and  mortality. 


Introduction 

Despite  the  extensive  progress  made  in  the  management  of  breast  cancer,  it  still  remains  the  most 
common  cause  of  cancer  and  the  2nd  leading  cause  of  cancer  death  in  women  in  the  United  States. 
An  estimated(90)  230,480  new  cases  of  invasive  breast  cancer  was  projected  to  occur  in  2011,  as 
well  as  an  estimated  57,650  cases  of  breast  carcinoma  in  situ.  In  addition,  approximately  39,520 
women  were  expected  to  die  from  breast  cancer  in  2011(90).Multiple  risk  factors  has  been 
established  for  breast  cancer  and  estrogen  is  a  key  growth  stimulus  in  the  development  and 
progression  of  the  disease.  George  Beatson(91)  provided  the  first  medical  evidence  of  the  estrogen 
dependency  of  breast  cancer  in  1896.  The  conclusion  that  a  woman’s  ovaries  provided  the  fuel  that 
maintained  breast  cancer  was  based  on  the  observation  of  remission  of  advanced  breast  tumors  in  a 
premenopausal  patient  that  underwent  bilateral  oophorectomy.  Stanley  Boyd(92)  surveyed  all  known 
cases  in  1900  and  concluded  a  30%  responsive  rate,  a  figure  that  has  stood  the  test  of  time  for  the 
response  rate  of  breast  cancer  to  any  anti-hormone  therapy.  Animal  models  provided  further 
evidence  on  the  role  of  estrogens  in  breast  cancer  growth.  Lanthrop  and  Loeb(93)  observed  in  1916, 
a  decrease  in  the  occurrence  of  mammary  carcinomas  in  castrated  immature  female  mice.  Estrogen, 
an  ovarian  hormone,  was  subsequently  extracted  and  purified  and  induced  vaginal  cornification  in 
ovarectomised  mice(94).  This  advance  led  to  the  elucidation  of  the  biological  properties  of  synthetic 
estrogens  using  ovariectomised  mice,  therefore  establishing  a  connection  between  mitogenic 
potential  of  estrogens  and  breast  cancer.  The  strategy  of  targeting  the  estrogen  receptor  (ER)  has  led 
to  the  discovery  of  endocrine  therapies  which  function  to  either  block  estrogen  action  by  using 
selective  estrogen  receptor  modulators  (SERMS)  or  depriving  the  ER  of  estrogens  by  using 
aromatase  inhibitors(95).  Antihormonal  therapies  remain  the  gold  standard  of  care  in  the  treatment 
and  prevention  of  ER  positive  breast  cancer(96). 
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WORK  ACCOMPLISHED 


Conjugated  equine  estrogens 

Extensive  progress  in  the  production  of  estrogen  preparations  for  commercial  use  was  made  by 
scientists  at  Wyeth  pharmaceuticals  (then  Ayerst)  Canada  who  extracted  conjugated  estrogens  from 
pregnant  horse’s  urine(97).  In  1942,  Food  and  Drug  Administration  (FDA)  approval(98)  was 
obtained  in  the  United  States  for  the  clinical  use  of  conjugated  equine  estrogens  (premarin)for  the 
treatment  of  menopausal  symptoms  and  related  conditions.  There  was  an  initial  worldwide 
acceptance  of  CEE  in  the  1960s,  however  increased  risks  of  developing  endometrial  cancer  led  to  a 
decline  in  prescriptions  for  postmenopausal  women(99,  100).  A  new  generation  of  interest  in  the  use 
estrogen  therapy  in  the  treatment  of  osteoporosis  in  the  1980s  led  to  clinical  studies  of  women 
receiving  either  estrogen  alone  or  estrogen  plus  progestin  therapies.  Women  on  estrogen  and 
progestin  treatment  had  lower  incidence  of  endometrial  cancer(101,  102)  indicating  that  progestin 
blocked  the  proliferative  effect  of  estrogens  on  the  endometrial  lining.  As  a  result,  CEE  was 
approved  for  the  treatment  and  prevention  of  osteoporosis;  women  with  an  intact  uterus  were  given 
progestin  in  addition  to  the  estrogens.  CEE  is  made  up  of  conjugated  estrogens  and  the  tablet 
consists  of  at  least  10  estrogens  (fig.  37)  which  include  estrone  (59.2%),  equilin  (26.9%),  17a- 
dihydroequilin  (16.3%) ,  17a-estradiol  (4.32%) ,  17p-dihydroequilin  (1.76%),  17a-dihydroequilenin 
(1.76%),  17P-dihydroequilenin  (3.36%),  equilenin  (2.4%),  17P-estradiol  (0.8%),  and  A8’9- 
dehydroestrone  (4.16%).  Generic  synthetic  versions  of  CEE  are  not  currently  approved  by  the  FDA 
based  on  inadequacies  noted  on  their  active  ingredients,  bioequivalence,  safety  and 
effectiveness  ( 103). 
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Figure  37  Structures  of  the  estrogenic  constituents  of  premarin.Estradiol,  equilin,  estrone  and  equilenin  were 
used  in  our  experimental  studies. 

Effect  of  Conjugated  Equine  Estrogens  on  breast  cancer  cells 

Long  term  concentrations  of  estrogen  deprived  MCF-7  breast  cancer  cells  undergo  apoptosis  upon 
treatment  with  physiologic  estradiol(3).  Based  on  the  preliminary  results  of  the  WHI  CEE  study,  we 
decided  to  elucidate  the  biological  properties  of  the  main  estrogens  in  CEE  in  two  different  models 
of  breast  cancer  cells.  Estrogens  have  been  shown  to  regulate  the  growth  of  ER  positive  MCF-7 
breast  cancer  cells.  To  study  the  biological  activity  of  the  actual  estrogens  namely  equilin,  estrone 
and  equilenin,  we  tested  their  ability  to  induce  proliferation  in  MCF7:WS8  cells  which  contain  ER 
and  have  retained  estrogen  responsiveness  for  a  sustained  period  of  continuous  cell  culture(104). 
MCF-7  cells  were  grown  in  estrogen  free  media  for  3  days  and  treated  with  various  concentrations  of 
the  equilin,  estrone  and  equilenin  and  their  effects  were  compared  to  E2  (fig  38A).  All  the  three 
estrogens  were  able  to  induce  cell  growth  of  MCF-7  cells  in  a  dose  dependent  manner  to  the 
maximum  level  as  E2.  Equilin  and  estrone  induced  cell  proliferation  with  maximum  stimulation 
occurring  at  0.1  nM,  whereas  equilenin  reached  maximal  stimulation  at  InM  as  compared  to  0.0 InM 
for  E2.  Next  we  investigated  the  growth  properties  of  the  equilin,  estrone  and  equilenin  in  long  term 
estrogen  deprived  MCF7:5C  cells  in  comparison  to  E2.  Fig  38B  shows  that  equilin,  estrone  and 
equilenin  drastically  inhibited  the  growth  of  the  MCF7:5C  cells  at  comparable  concentrations  to  E2. 
Maximum  growth  inhibition  was  achieved  with  E2  at  0.1M,  while  equilin  and  estrone  reach 
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maximum  growth  inhibition  at  InM  and  equilenin  at  lOnM  after  7  days  of  treatment.  To  determine  if 
the  observed  estrogen  induced  growth  inhibition  of  the  MCF7:5C  cells  was  due  to  apoptosis, 
MCF7:5C  cell  were  either  the  control,  E2,  equilin,  estrone  or  equilenin  for  72  hours  and  the  level  of 
apoptosis  was  measured  using  annexin  V  staining.  E2,  equilin,  estrone  and  equilenin  all  show 
increased  apoptotic  staining  compared  to  the  control  treated  cells  (Fig  39).  The  ability  of  the 
conjugated  estrogens  to  inhibit  the  growth  and  induce  apoptosis  in  the  MCF7:5C  cells  and  not  the 
parental  MCF7  cells  suggest  that  these  biological  properties  are  dependent  on  the  duration  of 
deprivation  of  estrogen  in  the  breast  cancer  cells. 


Figure  38.Cell  proliferation  assay  analysis  of  the  biological  properties  of  active  steroids  in  CEE  in  breast  cancer 
cells.  (A)  MCF7  cells  were  grown  in  E2  stripped  media  for  3  days  and  treated  for  7  days  with  various 
concentrations  of  E2,  equilin,  estrone  and  equilenin  and  compared  to  the  Veh  (control).  (B)  Equilin,  estrone  and 
equilenin  drastically  inhibited  the  growth  of  MCF7:5C  cells  in  a  similar  manner  as  E2.  The  experiments  were 
completed  in  triplicates  and  performed  as  previously  described  (105) 
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Figure  39.  Effects  of  estradiol  and  active  estrogens  in  CEE  on  apoptosis  in  MCF7:5C  cells.  MCF7:5C  cells  were 
seeded  in  100mm  plates  and  treated  with  Veh  (control),  InM  E2,  InM  Equilin,  InM  estrone  and  luM  equilenin 
for  72  hours  and  cells  were  stained  with  FITC-annexin  V  and  propidium  iodide  and  analyzed  by  flow  cytometry 
and  performed  as  previously  described(105).  The  upper  right  box  of  vehicle  treated  (Veh)  cells  have  low  apoptotic 
cells  (1.71%),  whereas  all  for  estrogens,  this  fraction  is  increased  (circled  upper  right  hand  box). 


Molecular  mechanisms  of  estrogen  induced  apoptosis 

To  decipher  the  precise  series  of  events  that  precede  estrogen  induced  apoptosis,  differential  gene 
expression  in  response  to  E2  was  interrogated  using  affymetrix  based  microarray  analysis(4). 
Specific  genes  were  identified  for  MCF7:5C  which  indicate  that  E2  induced  endoplasmic  reticulum 
stress  (ERS)  and  inflammatory  stress  responses  that  lead  to  apoptosis.  Identified  ERS  genes 
indicated  that  E2  inhibited  protein  folding  leading  to  accumulation  of  unfolded  proteins  and 
widespread  inhibition  of  protein  translation  with  subsequent  induction  of  cell  death.  In  response  to 
severe  ERS,  Bcl-2  interacting  mediator  of  cell  death  (Bim;  BCL211)  was  induced.  Further  evidence 
of  the  involvement  of  the  mitochondrial  pathway  in  E2  induced  apoptosis  was  reported  by  Lewis  and 
colleagues (105)  who  showed  increased  expression  of  several  proapoptotic  proteins  including,  Bax, 
Bak,  Bim,  Noxa,  Puma  and  p53  in  E2  treated  MCF7:5C  cells.  Reversal  of  the  apoptotic  effect  of  E2 
in  these  cells  was  observed  with  blockade  of  Bax  and  Bim  expression  using  short  interfering  RNAs 
(siRNAs).  Involvement  of  the  Fas/Fasl  death  signaling  (extrinsic)  pathway  in  the  apoptotic  effect  of 
E2  has  been  investigated.  Osipo  et  al(106)  demonstrated  that  E2  induced  regression  of  tamoxifen 
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stimulated  breast  cancer  tumors,  by  activating  the  death  receptor  Fas  and  suppressing  the 
antiapoptotic/prosurvival  factors  NF-kB  and  HER2/neu.  Similarly, the  growth  of  raloxifene  resistant 
MCF7  cells  in  vitro  and  in  vivo  was  attenuated  by  E2  by  increasing  Fas  expression  and  reduced  NF- 
kB  activity(107).  Studies  are  currently  ongoing  to  determine  the  sequence  of  events  that  occur  before 
E2  induces  apoptosis  in  the  MCF7:5C  cells. 

The  resolution  of  the  crystal  structure  provided  insight  into  the  activation  of  the  ER  by  E2  and 
silencing  by  antiestrogens(108,  109)  and  is  providing  the  insight  into  the  “trigger”  mechanism  for 
the  ER  complex.  The  shape  the  ligands  make  with  the  ER  is  imperative  to  their  ability  to  induce 
apoptosis  in  the  MCF7:5C  cells.  E2  is  sealed  within  the  hydrophobic  pocket  of  the  ligand  binding 
domain  of  the  ER  by  helix  12  and  coactivators  bind  leading  to  activation  of  apoptotic  genes.  On  the 
other  hand,  4-hydroxytamoxifen  (40HT)  pushes  back  helix  12,  prevents  coactivator  binding  and  this 
may  responsible  for  its  ability  to  block  estrogen  induced  apoptosis  in  the  MCF7:5C  cells. 
Knockdown  of  coactivator  AIB1/SRC3  in  MCF7:5C  cells  led  to  the  loss  of  apoptosis  inducing  effect 
of  E2  suggesting  that  AIBlis  a  significant  control  hub  E2  in  induced  apoptosis  in  these  breast  cancer 
cells(llO).  Structure  function  studies  show  that  the  shape  of  the  estrogen(lll)  can  modulate  the 
shape  of  the  estrogen-ER  complex  to  induce  apoptosis(112).  Hydroxylated  triphenylethylenes  (TPE) 
which  are  structurally  similar  to  40HT  and  have  estrogenic  properties  in  MCF7  cells,  have  been 
shown  to  block  E2  induced  apoptosis(113).  The  antiestrogenic  shape  they  make  with  the  ER  may  be 
responsible  for  the  delayed  apoptotic  effect  of  the  TPEs  in  the  MCF7:5C  cells.  These  pharmacologic 
studies  are  currently  under  investigation  and  will  be  the  focus  of  further  reports. 

Discussion 

Before  the  clinical  use  of  antiestrogen  therapy,  high  dose  estrogens  were  effective  in  the  induction  of 
tumor  regression  in  metastatic  breast  cancer(114,  115).  In  more  recent  times,  estrogen  therapy  show 
significant  clinical  benefit  in  postmenopausal  women  who  have  undergone  extensive  anti-hormone 
treatment(5).  Development  of  tamoxifen  stimulated  tumors  in  athymic  mice  following  a  five  year 
treatment  with  tamoxifen  suggest  that  the  development  of  anti-hormone  resistance  over  years  of 
treatment  reconfigures  the  survival  mechanism  of  breast  cancer  so  that  estrogen  is  no  longer  a  potent 
mitogen  that  stimulates  cell  proliferation  but  rather  becomes  a  death  signal.  Preclinical  data  clearly 
show  that  long  term  estrogen  deprivation  of  ER  positive  MCF-7  breast  cancers  and  subsequent 
treatment  of  the  cells  with  E2  causes  apoptosis  of  these  cells.  Creation  of  an  estrogen  deprived 
environment  either  by  withdrawal  of  estrogen  treatment  116)  or  by  exhaustive  anti-hormone  therapy 
increases  sensitivity  of  breast  tumors  to  estrogen  therapy  which  subsequently  induces  tumor 
regression.  Similarly  CEE  alone  reduces  the  incidence  of  breast  cancer  in  hysterectomised 
postmenopausal  women.  This  protective  effect  is  not  observed  in  women  who  received  addition 
progesterone  therapy,  suggesting  that  the  progestin  may  play  a  potential  role  in  the  increase  in  breast 
cancer  seen  in  postmenopausal  women  who  received  combined  hormonal  therapy. 
To  explain  the  aforementioned  clinical  data,  laboratory  studies  show  that  estrogens  in  the  CEE  were 
able  to  cause  proliferation  of  MCF7  cells  after  growing  these  cells  in  an  estrogen  free  medium  for  3 
days.  This  cell  population  is  adapted  to  an  environment  rich  in  estrogen,  so  naturally  all  the  cells 
grow  with  a  “resupply”  of  natural  steroidal  estrogens.  However,  these  same  estrogens  induce 
apoptosis  to  a  similar  extent  as  E2  in  MCF-7  cells  that  have  been  deprived  of  estrogen  treatment  for 
many  years.  The  ability  of  estrogen  therapy  to  treat  or  prevent  tumors  is  related  to  the  menopausal 
status  of  a  woman  and  how  long  they  have  been  physiologically  deprived  of  estrogen.  In  the  Stoll 
data(116)  (Table  1),  the  rate  of  remission  of  advanced  breast  cancer  was  significantly  less  in  women 
who  were  less  than  5  years  postmenopausal(9%),  and  there  was  a  35%  remission  rate  in  women  who 
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were  more  than  5  years  postmenopausal.  It  is  important  to  stress  that  majority  of  the  women  in  the 
WHI  CEE  trial  were  above  60  years  and  the  mean  age  at  screening  was  63.6  years.  Here,  the  overall 
result  was  a  reduction  in  breast  cancer  and  mortality.  There  is  a  need  for  an  “estrogen  holiday” 
before  starting  estrogen  therapy.  Induction  of  menopause  in  a  woman  gradually  deprives  the  cells  of 
estrogen.  However  immediate  treatment  with  estrogens  may  cause  growth  of  nascent  ER  positive 
breast  tumors  which  may  increase  breast  cancer  risk  (fig  40A).  The  cells  vulnerable  to  death  with 
estrogens  in  CEE,  have  been  selected  because  estrogen  deprivation  at  menopause  causes  estrogen 
dependent  nascent  breast  cancers  to  die,  but  all  do  not  die.  Remaining  cells  that  survive  learn  to 
grow  without  estrogen  (fig  40B).  These  cells  will  continue  to  grow  to  produce  breast  cancer  unless 
exogenous  estrogens  induces  apoptotic  death.  Therefore  5  years  of  CEE  treatment  immediately  after 
menopause  will  cause  sustained  continuing  growth  of  ER  positive  tumor  cells.  Because  nascent  ER+ 
tumor  cells  have  been  estrogen  deprived  in  women  who  are  5  to  10  years  postmenopausal,  5  years  of 
CEE  therapy  induces  massive  apoptotic  cell  death  and  subsequent  tumor  cell  death  and  an  enhanced 
patient  survival. 
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Figure  40.  The  success  of  estrogen  replacement  therapy  is  dependent  on  menopausal  status  of  a  woman.  A. 
Treatment  of  women  immediately  after  menopause  with  CEE  results  in  sustained  growth  of  nascent  ER  positive 
tumors,  whereas  treatment  5.  years  after  menopause  causes  apoptotic  cell  death.  B.  Estrogen  withdrawal  in 
postmenopausal  women  causes  ER  positive  dependent  cells  to  die  but  some  cells  continue  to  grow  independent  of 
estrogen 


Conclusion 
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High  dose  estrogen  treatment  is  effective  in  causing  tumor  regression  in  metastatic  breast  cancer. 
The  mechanism  for  this  treatment  was  a  paradox  and  unknown  for  60  years  but  is  now  being 
deciphered(4).  Objective  tumor  remission  was  seen  in  women  over  5  years  postmenopausal(114, 
115).  Estrogen  replacement  therapy  administered  to  women  in  their  late  60s  causes  a  sustained 
decrease  in  breast  cancer  incidence  and  a  decrease  in  mortality(l).  The  question  was,  why?  Long 
term  estrogen  deprivation  (LTED)  for  ER  positive  breast  cancer  cells  is  the  key.  We  have  created 
LTED  breast  cancer  cell  lines  and  for  the  first  time,  described  the  mechanism  of  estrogen -induced 
apoptosis.  This  new  biology  of  estrogen  induced  apoptosis  and  can  be  now  used  to  explain  the 
effects  of  ET  in  reducing  breast  cancer  incidence  and  mortality  for  women  in  the  60s. 
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TASK  2:  (GU/Jordan)  -  To  elucidate  the  molecular  mechanism  of  E2  induced  survival  and 
apoptosis  in  breast  cancer  cells  resistant  to  either  SERMs  or  long-term  estrogen 
deprivation. 

Task  2g:  (Jordan/Maximov):  To  elucidate  the  structure-function  relashionship  of  estrogenic 
fixed  ring  triphenylethylene  derivatives  on  estrogen-induced  apoptosis  in  estrogen- 
independent  breast  cancer  cell  lines. 

Task  2g  (Maximov  and  Jordan)  -  Studies  carried  out  by  Dr.  Philipp  Maximov  in  the  Jordan 
laboratory  at  Georgetown  University 

Structure-function  relationships  of  fixed  ring  derivatives  of  estrogenic  isomers  of 
triphenylethylene  on  estrogen-induced  apoptosis  in  estrogen-independent  human  breast  cancer 
cell  line. 

Introduction 

Estrogen-induced  apoptosis  is  a  relatively  new  phenomenon  observed  in  antiestrogen  and 
hormone  independent  breast  cancers(117).  Antihormone  treatment  of  breast  cancer  consequently 
changes  breast  cancer  cells  and  produces  resistance  to  therapy.  Paradoxically  woman’s  own 
physiological  estrogen  is  able  at  this  point  to  induce  breast  cancer  regression^,  17).  To  decipher  the 
mechanisms  of  estrogen-induced  apoptosis  and  to  discover  potentially  safer  and  more  specific  agents 
to  induce  apoptosis  one  must  study  the  structure-function  relationship  of  such  compounds  at  the 
estrogen  receptor  (ER)  to  decipher  a  trigger  for  apoptosis  in  hormone-independent  breast  cancer  cell 
line.  One  such  breast  cancer  cell  lines  was  developed  by  our  group  using  selective  cloning  of  MCF-7 
cellsunder  long-term  estrogen  deprivation  conditions.  This  cell  line  is  called  MCF-7:5C(42).  The 
cells  are  grown  in  estrogen-deprived  conditions  in  culture  media  with  supplementation  of  charcoal- 
stripped  serum.  The  cell  line  grows  independently  from  estrogen  and  is  resistant  to  antiestrogens, 
however  addition  of  estradiol  (E2)  induces  apoptosis.  To  further  study  the  mechanisms  of  this 
phenomenon,  structure-functional  studies  were  undertaken  using  estrogenic  triphenylethylene 
derivatives  (113,  118).  It  was  shown  that  the  shape  of  the  receptor  does  matter  for  estrogen-induced 
apoptosis,  however  later  studies  shown  that  MCF-7/5C  require  more  time  to  induce  apoptosis  with 
triphenylethylenes.This  study  is  the  structure-functional  investigation  of  estrogen-induced  apoptosis 
using  fixed  ring  isomerically  stable  derivatives  of  an  ethoxy-derivative  of  triphenylethylene,  that  was 
previously  shown  to  be  estrogenic  in  breast  cancer  cells  (112).  The  results  of  this  study  will  help  to 
understand  the  relationship  between  the  structure  of  the  ligand  and  the  conformation  of  the  ER  to 
induce  apoptosis. 
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Figure  41.  The  tested  Estrogen  Receptor  (ER)  ligands.  1.  17p-estradiol  (E2),  2.  4-hydroxytamoxifen  (40HT), 
3.Ethoxytriphenylethylene  (ethoxy TPE),  4.  Trans-4-hydroxy  fixed  ring  ethoxy TPE  (TFREthoxTPE),  5.  Cis-4- 
hydroxy  fixed  ring  ethoxy  TPE  (CFREthoxTPE),  6.  Trans  fixed  ring  40HT  (TFR40HT),  7.Cis  fixed  ring  40HT 
(CFR40HT). 


Above  mentioned  results  (112)  published  earlier,  with  an  ethoxy  derivative  of  triphenylethylene, 
actually  represent  the  action  of  a  50/50  mixture  of  cis-  and  trans-isomers.  For  studying  the  structure- 
functional  relationship  of  the  separate  isomers  we  have  synthesized  isomerically  stable  fixed-ring 
derivatives  of  the  same  compound.  The  isomerically  stable  derivatives  of  triphenylethylenes  were 
used  previously  to  study  the  structure-functional  relationships  of  antiestrogenisity  of  tamoxifen’s 
isomers  (119).  The  compounds  were  synthesized  at  Fox  Chase  Cancer  Center’s  Organic  Synthesis 
Facility,  Philadelphia,  PA.  The  compounds  were  tested  for  their  estrogenic/antiestrognic  properties 
in  MCF-7:WS8wild  phenotype  breast  cancer  cell  line.  At  this  time,  the  synthesis  of  the  cis-isomer  of 
the  fixed-ring  ethoxy  compound  is  in  its  final  steps.  Besides  the  trans-isomer  of  the  fixed  ring 
ethoxy-compound,  we  have  compared  the  properties  of  the  later  with  fixed  ring  cis  and  trans  isomers 
of  4-hydroxytamoxifen  (40HT),  which  we  have  also  synthesized,  to  elucidate  the  role  of  the  ligand 
structure  further.  Also  we  have  used  the  previously  described  ethoxy  derivative  of  triphenylethylene 
(ethoxyTPE)  and  regular  40HT  for  comparison.  The  tested  compounds  are  shown  in  figure  41. 
Isomers  of  the  tested  compounds  have  different  action  with  regards  to  estrogen-induced 
apoptosis  in  MCF-7/5C  cells. 
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The  effects  of  the  tested  compound  were  studied  using  a  DNA-based  cell  proliferation  assay. 
To  study  the  estrogenic  properties  of  the  tested  compounds,  the  compounds  were  dissolved  via  serial 
dilutions  in  RPMI1640  culture  media  supplemented  with  charcoal  stripped  serum,  and  no  phenol- 
red.  The  cells  were  estrogen  starved  in  the  same  media  for  3  days  before  the  assay.  The  treatment 
was  carried  out  for  7  days. 

The  proliferation  assay  in  MCF-7/WS8  cells  after  treatment  with  serial  dilutions  of  tested 
componds  (Fig.42)  show  that  the  TFREthoxyTPE  is  an  agonist  and  is  equivalent  to  the  EthoxyTPE 
compound.  In  comparison  40HT  and  TFR40HT  in  equimolar  concentrations  do  not  show  any  signs 
of  estrogenicity.  Interestingly  CFR40HT  compound  is  a  partial  agonist  at  higher  concentrations, 
which  could  be  explained  by  its  lower  binding  affinity  to  the  ER.  These  results  indicate  a  different 
biology  of  the  isomers  of  the  same  compound  (FR40HT),  probably  due  to  difference  in 
conformation  of  the  ligand-binding  domain  (LBD)  of  the  ER. 
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Figure  42.  Results  of  the  proliferation  assay  in  MCF-7/WS8  cells  showing  estrogenic  properties  of  the  tested 
compounds.  The  cis-isomer  of  the  fixed  ring  40HT  is  a  partial  agonist  inducing  cell  proliferation  at  higher 
concentrations.  However  the  Ethoxy TPE  and  TFREthoxyTPE  that  have  a  shorter  side  chain  are  also  partial 
agonists,  but  due  to  higher  binding  affinity  to  the  ER  induce  cell  proliferation  at  lower  EC50. 

We  anticipate  that  the  tests  with  CFREthoxyTPE  will  similarly  demonstrate  estrogenic 
properties  in  these  cells  and  thus  confirm  this  hypothesis.  This  compound  is  currently  being 
synthesized. 

Similar  treatments  in  MCF-7/5C  cells  showed  that  only  E2  was  able  to  induce  apoptosis  at  a 
1  week  timepoint.  The  only  compounds  that  was  able  to  reduce  proliferation  was  EthoxyTPE  with 
28%  in  proliferation  reduction  rate  (Fig.43). 
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Figure  43.  Proliferation  in  hormone-independent  breast  cancer  cell  line  MCF-7:5C.  E2  is  able  to  induce  apoptosis 
in  these  cells  within  a  week  virtually  killing  all  the  cells  at  0,lnM.  However  all  other  tested  compounds  appear  to 
be  inactive  during  1  week  treatment.  The  compounds  that  have  shown  estrogenic  properties  in  MCF-7/WS8  cells 
are  inactive,  except  Ethoxy TPE  has  some  minor  estrogenic  properties  at  higher  concntrations. 

All  of  the  tested  compounds  were  able  to  inhibit  the  InM  E2-induced  apoptosis  in 
combination  treatments,  except  Ethoxy  TPE  (Fig.44). 
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Figure  44.  Blockade  of  apoptosis  in  MCF-7/5C  cells  by  increasing  concentrations  of  test  compounds  incubated 
with  InM  E2.  The  tested  compounds  were  diluted  in  media  containing  InM  E2,  and  the  effects  were  compared 
with  E2  alone  and  vehicle  control.  The  results  show  that  all  of  the  compounds  possess  antiestrogenic  properties. 
The  least  potent  compound  is  CFR40HT,  probably  due  to  its  low  binding  affinity  for  the  ER,  whereas  40HT  and 
TFR40HT  are  equivalent,  and  TFREthoxyTPE  though  shows  antiestrogenic  properties  in  this  cell  line  it  has  a 
higher  IC50  than  40HT,  the  EthoxyTPE  compound  has  only  partial  antiestrogenic  properties  in  this  cell  line  as  it 
is  a  partial  agonist. 

Interestingly,  CFR40HT  compound  was  able  to  only  weakly  inhibit  the  estrogen-induced 
apoptosis.  All  treatments  were  performed  following  1  week  treatment.  The  most  potent  antiestrogens 
were  40HT  and  TFR40HT  with  similar  IC50.  This  is  explained  by  those  compounds  have  a  bulky 
side  chain  and  similarly  prevent  the  closure  of  Helix  12  of  the  LBD  of  the  ER  to  produce  an 
antiestrogenic  effect. 

Compounds  change  their  biology  in  MCF-7/5C  cell  after  2  weeks  of  treatment. 

A  new  biological  effect  emerged  by  treatment  of  MCF-7/5C  cells  with  tested  compounds  for 
2  weeks.  The  compounds  that  had  shown  low  antiestrogenic  properties  in  MCF-7/5C  cells  in  the  first 
week  of  treatment  and  no  estrogenic  effect  alone  are  now  killing  cells  by  the  second  week  (Fig.45). 
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Figure  45  Proliferation  assay  in  MCF-7:5C  cells  after  two  weeks  of  treatment  with  tested  compounds.  The  results 
of  two  week  treatment  show  that  E2  is  the  most  potent  estrogen  in  MCF-7:5C  cells  and  now  kills  the  cells 
completely  at  a  minimal  concentration  of  0.01  nM.  CFR40HT  and  Ethoxy TPE  which  were  estrogenic  in  MCF- 
7/WS8  cells  are  now  killing  the  5C  cells  after  2  weeks.  However  TFREthoxy  compound  still  does  not  induce 
apoptosis. 

Compounds  that  have  demonstrated  estrogenic  properties  in  proliferation  assays  in  MCF-7/WS8 
cells  CFR40HT  and  EthoxyTPE  are  killing  in  the  MCF-7/5C  cells.  Interestingly,  TFREthoxy 
compound  that  showed  estrogenic  properties  equivalent  to  EthoxyTPE  is  not  inducing  apoptosis  in 
MCF-7/5C  cells  after  two  weeks  of  treatment  at  any  concentration.  This  could  be  explained  by  the 
ethoxy  group  on  the  second  phenyl  ring  of  the  TFREthoxyTPE  and  EthoxyTPE  compound  being 
short  enough  to  induce  growth  in  MCF-7/WS8  when  compared  to  TFR40HT  or  40HT,  which  have 
a  longer  bulkier  side  chain  and  push  out  the  helix  12  far  enough  to  block  the  activation  of  the  ER. 
But  this  conformation  induced  in  the  ER  complex  with  TFREthoxyTPE  is  insufficient  to  activate  the 
ER  complex  to  induce  apopt  osis.  Nevertheless,  the  cis-  isomers  of  the  compounds  are  binding  to  the 
ER  in  such  a  fashion  that  they  are  able  to  activate  the  receptor  to  induce  both  growth  and  apoptosis. 
We  propose  that  the  presence  of  the  cis-isomeric  contaminant  in  the  EthoxyTPE  compound  is 
actually  producing  the  apoptotic  effect,  similar  to  the  CFR40HT,  however  the  only  way  to  prove 
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that  would  to  perform  further  experiments  with  CFREthoxyTPE  compound  which  is  currently 
synthesized. 

Conclusions 

The  tested  compounds  with  various  structures  were  evaluated  for  their 
estrogenic/antiestrogenic  properties  in  human  breast  cancer  cell  lines  to  induce  growth  or  estrogen- 
induced  apoptosis.  The  compounds  properties  were  evaluated  using  a  DNA  cell  proliferation  assay. 
The  results  of  the  assays  demonstrate  that  there  is  a  different  biology  of  the  isomers  of  the  same 
antiestrogen  FR40HT  and  that  the  conformation  of  the  ER  that  is  dictated  by  the  structure  of  the 
ligand  is  crucial  in  inducing  apoptosis  in  hormone  independent  breast  cancer  cells.  Further 
experiments  are  needed  to  confirm  the  hypothesis. 
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TASK  3:  (GU/Riegel  and  Wellstein)  -  To  decipher  cellular  signaling  pathways  using 
proteomics  and  to  mesh  proteomics  and  mRNA  analysis. 

Introduction: 

From  our  previously  published  experiments  on  the  characterization  of  the  MCF7:5C  cell  culture  in 
vitro  we  identified  ER  and  AIB1  interacting  proteins  ((82,  110);  Kirilyuk  et  al.  COE  report 
201 2). We  were  particularly  interested  in  AIB1  interacting  proteins  that  had  known  transcriptional 
repressor  function  and  that  were  differentially  expressed  between  MCF-7  and  MCF-7:5C.  We 
hypothesized  that  repressing  AIB 1  function  would  allow  changes  in  the  apoptotic  responses  in  cells 
since  we  have  previously  published  that  AIB  1  is  rate  limiting  for  estrogen  induced  proliferation  and 
inhibition  of  apoptosis  in  parental  MCF7  cells.  Loss  of  AIB1  function  would  predict  switch  to  a  pro- 
apoptotic  effect  of  AIB1.  To  investigate  potential  repressors  of  AIB1  function  we  examined  all  AIB1 
interacting  proteins  identified  by  Mass  spectrometry  in  the  interaction  lists  previously  published 
under  this  COE(82,  110),  We  determined  that  a  known  co-repressor  Fox  G1  was  of  interest  since  it 
bound  to  AIB1  differentially  from  MCF7  vs  MCF7:5C.  In  the  past  year  we  have  investigated  the 
effects  of  Fox  G1  on  apoptosis  and  regulation  of  AIB1  gene  expression  and  those  findings  are 
described  below  and  published  recently!  120).  Highlights  of  this  work  and  manuscript  are  included 
and  quoted  below. 
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WORK  ACCOMPLISHED 


Background: 

Amplified  in  breast  cancer  1  (AIB1,  ACTR,  RAC3,  SRC3,  NCOA3  and  p/CIP)  belongs  to  the  pl60 
family  of  steroid  receptor  coactivators  and  is  found  to  be  frequently  amplified  in  multiple  human 
cancers(121).  Similar  to  the  other  pl60  coactivators,  AIB1  can  associate  with  hormone-bound 
nuclear  receptors,  and  potentiate  transcriptional  activation  by  enhancing  transcriptional  complex 
assembly  and  through  local  chromatin  remodeling!  122- 124).  AIB1  is  an  oncogene  and  has  been 
strongly  implicated  in  the  development  of  hormone -responsive  and  nonresponsive  cancers(125,  126) 
by  coactivating  not  only  nuclear  receptors  but  also  nonreceptor  transcription  factors  such  as  E2F1, 
nuclear  factor-xB  (NF-kB),  activator  protein-1  (AP-1),  and  PEA3(127-130).  In  mouse  models,  AIB1 
overexpression  results  in  the  development  of  mammary  hyperplasia  and  tumorigenesis(131).  The 
overexpression  of  AIB1  has  been  observed  in  30-60%  of  human  breast  tumors  and  a  strong 
correlation  exists  between  high  levels  of  AIB1  and  high  HER2  levels,  larger  tumor  size,  higher 
tumor  grade,  increased  cancer  reoccurrence  and  worse  prognosis(132). 

AIB1  expression  can  be  controlled  at  multiple  levels.  AIB1  protein  levels  are  regulated  by  a 
number  of  proteasomal  degradation  pathways(133-135).  In  terms  of  AIB1  mRNA,  we  have 
previously  reported  that  all -trans  retinoic  acid,  antiestrogens  and  tamoxifen,  and  TGF-P  can 
upregulate  AIB1  transcripts,  whereas  estrogen  can  suppress  AIB1  gene  expression(136).  In  addition, 
a  recent  study  demonstrates  that  transcription  of  the  AIB 1  gene  is  controlled  by  regulatory  sequences 
within  the  bp  -250  to  +350  region  of  its  promoter  which  enable  AIB1  to  auto-regulate  and  enhance 
the  expression  of  its  own  gene(137,  138).  In  these  studies,  an  Spl-binding  site  down-stream  of  exon 
1  was  described  within  the  -250/+350  region  that  also  recruited  E2F1.  This  enables  AIB1  to  complex 
with  E2F1,  and  this  Spl -associated  transcription  complex  significantly  increases  the  coactivation  of 
the  AIB1  gene(138). 

AIB1  is  also  known  to  directly  bind  to  other  coactivators  such  as  histone  acetyltransferase 
p300/CBP,  p300/CBP-associated  cofactor  p/CAF,  and  arginine  methyltransferase  CARM  1,  and 
enhances  transcriptional  activation  by  bringing  these  potent  cofactors  capable  of  modifying 
chromatin  organization  to  the  target  gene  promoter(123,  139,  140).  The  ability  to  interact  with  a 
wide  range  of  transcriptional  cofactors  allows  AIB1  to  act  as  a  potent  coactivator(132).  In  contrast, 
only  a  few  transcriptional  corepressors  that  interact  with  the  SRC  family  proteins  are  known(141, 
142).  Therefore,  we  conducted  broad  screens  of  AIB  1 -interacting  proteins  using  mass  spectrometry 
(MS)  to  detect  low  abundance  AIB  1  binding  partners  that  may  potentially  suppress  AIB  1  function 
and  negatively  regulate  the  AIB1  gene  expression.  We  focused  on  AIB  1 -interacting  proteins  that 
segregated  under  the  category  of  “transcriptional  repressors,”  and  here  we  demonstrate  that  the 
winged-helix,  DNA-binding  transcriptional  corepressor  FoxGl  (also  known  as  brain  factor  1,  BF1) 
which  we  identified  as  an  AIB1  interacting  protein,  can  downregulate  AIB1  promoter  activity  and 
suppress  both  AIB1  transcript  and  protein  expression  in  MCF-7  cells.  FoxGl  belongs  to  the 
forkhead-box  family  of  transcriptional  regulators,  and  is  a  protein  mainly  expressed  in  the  brain  and 
testis  in  human(143,  144).  FoxGl  controls  the  development  of  the  telencephalon  and  cerebral 
corticogenesis(143)  and  is  shown  to  interact  with  global  transcriptional  corepressors  and  histone 
deacetylases  to  potentiate  transcriptional  repression(145).  FoxGl  can  also  directly  interact  with 
androgen  receptor  (AR)  and  suppress  AR-mediated  transactivation(144).  While  FoxGl  knockout 


77 


mice  develop  cerebral  hypoplasia  and  die  at  birth,  humans  with  FoxGl  haploinsufficiency  show 
severe  mental  retardation  and  microcephaly(143,  146,  147).  The  prominent  developmental 
phenotype  associated  with  FoxGl  pathology  has  focused  most  investigations  of  FoxGl  function  on 
the  brain  and  neurogenesis,  therefore  not  much  is  known  about  the  role  of  FoxGl  in  cancer  and  the 
molecular  mechanism  underlying  FoxGl  function. 

Our  data  indicate  that  FoxGl  is  directly  recruited  to  the  AIB1  promoter.  We  report  a 
mechanism  by  which  FoxGl  overexpression  compromises  the  integrity  of  an  Sp-1 -associated 
activating  transcriptional  complex.  This  complex  is  required  for  the  upregulation  of  AIB1  gene 
expression,  and  FoxGl  reduces  its  recruitment  by  disassembly  and  detachment  of  the  activating 
complex  from  the  AIB1  promoter.  We  also  show  that  FoxGl  downregulates  AIB1  expression  which 
leads  to  apoptosis  in  human  breast  cancer  cells. 


Results  obtained: 

AIB1  interacts  with  the  transcriptional  corepressor  FoxGl 

To  identify  proteins  that  interact  with  AIB1,  we  performed  AIB1 -specific 
immunoprecipitations  (IP)  of  lysates  from  HEK293T  cells  transfected  with  a  FLAG-tagged  AIB 1 
construct.  After  IP  with  a  FLAG  antibody,  we  isolated  FLAG-associated  immunocomplexes  by 
denaturing  gel  electrophoresis,  followed  by  Coomassie  Blue  staining.  Twelve  visible  bands  were 
excised,  and  extracted  proteins  were  subjected  to  MS  analysis  (described  in(110).  FoxGl  was 
identified  as  a  candidate  AIB  1 -interacting  protein  through  our  MS  evaluation.  It  was  of  interest  for 
further  investigation  since  it  is  known  to  function  in  certain  contexts  as  a  transcriptional 
repressor(145)  and  could  potentially  regulate  AIB1  function  and  gene  expression.  To  verify  AIB1 
interaction  with  FoxGl,  we  performed  coimmunoprecipitation  (co-IP)  experiments.  FLAG- AIB  1 
was  expressed  by  transient  transfection  together  with  HA-FoxGl  in  HEK293T  cells  and  HA-FoxGl 
was  detected  in  the  immunoprecipitates  of  FLAG-AIB1  from  whole  cell  lysates  (Fig.  46A).  We  also 
confirmed  the  interaction  of  endogenous  AIB1  and  FoxGl  in  MCF-7  breast  cancer  cells  which 
harbor  the  20q  AIB1  gene  amplicon  and  express  high  levels  of  AIB1  protein  and  a  detectable 
amount  of  FoxGl  (Fig.  46B).  These  IP  results  confirm  the  MS  data  and  demonstrate  that  FoxGl  is 
present  in  complexes  that  co-immunoprecipitate  with  AIB  1 . 

FoxGl  is  predominantly  expressed  in  the  brain  and  its  non-neuronal  expression  in  normal 
tissues  is  low(143,  144).  The  expression  of  FoxGl  in  human  cancer  has  not  been  widely  reported.  In 
a  comparison  of  normal  breast  cells  and  breast  cancer  cell  lines,  we  found  that  the  mRNA  expression 
level  of  FoxGl  was  significantly  lower  in  breast  cancer  cell  lines,  irrespective  of  their  estrogen 
receptor  (ER)  status,  as  compared  to  FoxGl  expression  in  the  normal  human  mammary  epithelial 
cells  (HMEC)  (Fig.  46C).  These  data  suggest  a  loss  of  FoxGl  expression  from  normal  to  cancerous 
transition  (Fig.  46C)  and  indicate  that  reduced  FoxGl  expression  might  have  prognostic  significance 
in  human  breast  cancer.  Our  reanalysis  of  published  microarray  data  (www.oncomine.org)  from 
human  breast  cancer  clinical  samples  of  four  independent  studies  (Zhao  et  al.(148) ,  Turashvili  et  al. 
(149),  Richardson  et  al.(150),  and  The  Cancer  Genome  Atlas  -  Invasive  Breast  Carcinoma  Gene 
Expression  Data/TCGA)  further  supported  this  hypothesis  and  showed  a  significant  (p<0.0001) 
negative  correlation  between  AIB1  and  FoxGl  mRNA  expression  over  714  samples,  where  higher 
expression  of  FoxGl  coincided  with  lower  expression  of  AIB1  and  vice  versa  (Fig.  46D). 

In  addition,  we  used  unbiased  gene  expression  data  compiled  by  Kaplan-Meier  (KM)  Plotter 
(http://kmplot.com)  (45)  from  a  series  of  suitable  studies  that  allow  for  an  analysis  of  clinical 
outcomes  correlated  with  a  single  gene  expression.  We  saw  that  higher  FoxGl  mRNA  levels,  in 
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2241  breast  cancer  samples,  correlated  with  increased  relapse-free  survival  rate  (Fig.  46E)  In 
contrast,  in  the  same  data  set,  elevated  AIB 1  transcript  levels  correlated  with  reduced  relapse-free 
survival  (RFS)  (Fig.  46E),  which  is  consistent  with  previous  reports  on  AIB1  prognostic  significance 
in  human  breast  cancer  (reviewed  in(132)). 
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Figure  46.  AIB1  and  FoxGI  interact  in  mammalian  cells. 

A,  AIB1  interacts  with  FoxGI  in  HEK293T  cells.  FLAG-AIB1  was  cotransfected  with  HA-FoxGI  constructs.  48 
hours  post  transient  transfection,  whole  cell  lysates  were  collected  and  used  for  immunoprecipitation  (IP)  and 
western  blot  (WB)  analysis  with  anti-FLAG  and  anti-HA  antibodies  as  indicated.  B,  Interaction  of  endogenous 
AIB1  with  FoxGI  in  MCF-7  breast  cancer  cells.  Nuclear  lysates  were  prepared  from  MCF-7  cells  and 
immunoprecipitated  with  an  AIB1  antibody  or  control  IgG.  FoxGI  protein  associated  with  AIB1  in  the  IP  was 
detected  by  WB  as  indicated.  C,  AIB1  and  FoxGI  mRNA  expression  levels  in  breast  cancer  cell  lines.  Total  RNA 
was  harvested  from  breast  cancer  cell  lines  to  determine  the  relative  gene  expression  for  AIB1  and  FoxGI.  D, 
FoxGI  and  AIB1  mRNA  expression  are  inversely  correlated.  Data  from  Zhao  et  al.  (148),  Turashvili  et  al.(149) , 
Richardson  et  al.(150)  ,  and  TCGA  (The  Cancer  Genome  Atlas  -  Invasive  Breast  Carcinoma  Gene  Expression 
Data)  were  analyzed  using  Oncomine  (www.oncomine.org).  Higher  expression  of  FoxGI  coincides  with  lower 
expression  of  AIB1  and  vice  versa.  E,  Analysis  of  the  levels  of  AIB1  and  FoxGI  mRNA  on  a  gene  expression 
microarray  of  breast  cancer  samples  from  patients  with  known  relapse-free  survival  (RFS)  times  provided  by 
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Kaplan-Meier  Plotter  (http ://www.kmplot.com)  (KM  analysis  parameters  are  described  in  Material  and 
Methods)  (45). 
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FoxGl  induces  apoptosis  in  MCF-7  cells 

The  expression  pattern  for  AIB1  and  FoxGl  in  MCF-7  cells  was  of  interest  because  these 
cells  significantly  overexpress  AIB1  and  show  low  levels  of  FoxGl  mRNA  expression  compared  to 
HMEC  (Fig.  46C).  We  therefore  chose  to  study  the  phenotypic  effect  of  FoxGl  overexpression  on 
MCF-7  cells.  Twenty-four  hours  after  expression  vector  transfection,  overexpressing  FoxGl  led  to 
cell  detachment  from  culture  dishes,  and  the  induction  of  apoptosis  as  determined  by  annexin  V 
staining  (Fig.  47 A,  upper  panel).  The  early  and  total  apoptosis  average  indices  for  duplicate  samples 
of  14.5  and  28.64  %  in  FoxGl -expressing  cells  were  significantly  elevated  compared  to  MCF-7  cells 
transfected  with  the  control  empty  vector  (EV)  with  average  apoptosis  indices  of  1.68  and  9.4  %, 
respectively  (Fig.  47 A,  lower  panel).  Increased  expression  of  FoxGl  in  MCF-7  cells  was  correlated 
with  the  apoptotic  response. 

Previous  studies  reported  increased  incidence  of  apoptosis  in  MCF-7  cells  when  AIB1 
expression  is  downregulated  by  small-interfering  RNA  (siRNA)-directed  gene  silencing(151) .  Thus, 
since  AIB1  and  FoxGl  form  a  complex  (Fig.  46A  and  B),  we  conjectured  that  a  portion  of  the 
FoxGl -induced  apoptotic  effect  might  be  mediated  through  changes  in  AIB1  expression.  Consistent 
with  this  notion,  FoxGl  overexpression  caused  a  twofold  decrease  in  both  AIB1  mRNA  and  protein 
expression  levels  (Fig.  47B).  We  also  observed  a  similar  effect  of  FoxGl  on  AIB1  expression  in  the 
metastatic  MDA-MB-231  cells.  In  these  cells,  FoxGl  overexpression  caused  a  3%  to  6%  increase  in 
early  apoptosis  and  a  near  60%  reduction  in  the  levels  of  AIB1  protein  (Supplemental  Fig.  1A  and 
B).  This  indicates  that  FoxGl  can  have  a  negative  regulatory  effect  on  AIB1  expression  also  in  other 
different  subtypes  of  breast  cancer  cells  that  are  estrogen  receptor  (ER)  negative. 

We  next  asked  whether  the  FoxGl  induction  of  apoptosis  was  mediated  directly  by  the  loss 
of  AIB1  by  determining  whether  exogenously  expressed  AIB1  was  sufficient  to  rescue  these  cells 
from  FoxGl-induced  apoptosis.  Our  analysis  revealed  that  AIB1  co-expression  with  FoxGl  allowed 
an  approximately  50%  rescue  from  apoptosis  compared  to  cells  transfected  with  only  FoxGl  (Fig. 
47C,  right  panel;  compare  2nd  bar  with  the  4th  bar).  Thus,  our  phenotypic  studies  argue  that  a 
significant  portion  of  the  FoxGl  induction  of  apoptosis  in  MCF-7  cells  is  mediated  through  down- 
regulation  of  AIB1  expression. 
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Supplemental  Fig,  1.  FoxGl  induces  apoptosis  and 
down-regulates  AIB1  protein  expression  in  MDA-MB-231 
breast  cancer  cells.  A,  MDA-MB-231  cells  were  transfected 
with  either  an  empty  vector  (EV)  control  or  FoxGl 
constructs.  24  hours  after  transfection,  cells  were  subjected 
to  Annexin  V  apoptosis  analysis  and  cells  undergoing  early 
apoptosis  were  quantified.  The  mean  ±  SEM  values  were 
obtained  from  duplicate  samples  from  each  transfection 
condition.  *,  P<0.05  relative  to  EV.  Statistical  analysis  was 
done  by  Student’s  t  test.  B,  Analysis  of  endogenous  AIB1 
protein  expression  in  MDA-MB-231  cells  overexpressing 
FoxGl.  Cells  were  transfected  with  EV  or  FoxGl  as  in  (A), 
whole  cell  lysates  were  then  collected  to  determine  the 
relative  protein  levels  for  AIB  by  WB  with  antibodies  as 
indicated 
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Figure  47.  FoxGI  induces  apoptosis  and  down-regulates  AIB1  expression  in  MCF-7  cells.  A,  MCF-7  cells  were 
transfected  with  either  an  empty  vector  (EV)  control  or  FoxGI  constructs.  24  hours  after  transfection,  cells  were 
subjected  to  Annexin  V  apoptosis  analysis.  The  percentages  of  cells  in  early-  and  late  apoptosis  are  represented  by 
bottom  right-  and  top  right  quadrants  of  the  FACS  analysis,  respectively.  Percent  total  apoptosis  was  the  total 
percentage  of  cells  in  both  early-  and  late  apoptosis.  The  mean  ±  SEM  values  were  obtained  from  duplicate 
samples  from  each  transfection  condition.  ***,  PcO.OOl;  **,  PcO.Ol  relative  to  EV.  Statistical  analysis  was  done  by 
Student’s  t  test.  B,  Analysis  of  endogenous  AIB1  expression  in  MCF-7  cells  overexpressing  FoxGI.  Cells  were 
transfected  with  EV  or  FoxGI  as  in  (A).  Total  RNA  and  whole  cell  lysates  were  collected  to  determine  the  relative 
levels  of  mRNA  and  protein  for  AIB1.  Cells  transfected  with  EV  were  arbitrarily  set  at  1  and  cells  expressing 
FoxGI  were  analyzed  in  reference  to  it.  Student’s  t  test.  **,  PcO.Ol  relative  to  EV.  Relative  protein  levels  were 
determined  by  WB  with  antibodies  as  indicated.  C,  AIB1  rescues  MCF-7  cells  from  FoxGl-induced  apoptosis. 
MCF-7  cells  were  transfected  separately  with  expression  vectors  for  either  EV  control,  FoxGI,  AIB1,  or  AIB1  and 
FoxGI  together.  Cells  were  assessed  for  apoptosis  as  in  (A).  ***,  PcO.OOl,  EV  vs.  FoxGI;  or  FoxGI  vs. 
AIBl+FoxGl.  One-way  ANOVA  with  Bonferroni  post  test. 
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FoxGl  represses  AIB1  promoter  activity 

Our  data  demonstrate  that  FoxGl  overexpression  represses  the  levels  of  AIB1  transcript 
(Fig.  47B),  thus,  we  hypothesized  that  FoxGl  could  directly  regulate  the  AIB1  promoter.  Previous 
studies  have  identified  a  region  in  the  AIB1  gene  promoter  responsible  for  the  positive  auto¬ 
regulation  of  transcription  through  the  recruitment  of  an  activating  transcriptional  protein  complex 
involving  AIB1,  E2F1,  and  Spl  (138).  This  critical  positive  regulatory  sequence  covers  a  -250  to 
+350  span  up  and  downstream  of  the  transcription  start  site  of  the  AIB1  gene.  An  intronic  Spl 
binding  site,  marked  by  a  GC  box  at  bp  +150/+160  is  required  for  the  AIB1  promoter  activation  by 
E2F1  and  AIB1.  Moreover,  the  Spl  binding  sequence  serves  as  a  docking  site  for  the  recruitment  of 
the  AIB1-E2F1  complex,  through  which  AIB1  can  act  as  a  coactivator  on  its  own  promoter, 
establishing  a  positive  auto-regulatory  loop  of  AIB1  gene  expression  (Fig.  48A)  (138). 

To  determine  whether  FoxGl  impacted  AIB1  promoter  activity  we  cotransfected  MCF-7 
cells  with  an  E2F1  expression  vector  in  the  presence  or  absence  of  FoxGl  and  a  wild-type  (WT) 
AIB1  promoter-luciferase  reporter  containing  the  intact  positive  regulatory  sequence  of  the  AIB1 
gene  promoter  (Fig.  48B  i).  E2F1  significantly  enhanced  the  AIB1  promoter  reporter  activity,  as 
shown  previously  (Fig.  48B  ii)  (138),  whereas  the  addition  of  FoxGl  suppressed  E2Fl-induced 
AIB1  promoter  activation  back  to  the  basal  level,  indicating  an  inhibitory  role  for  FoxGl  in  AIB1 
gene  expression  (Fig.  48B  ii). 

Because  the  intronic  GC-rich,  Spl  binding  sequence  is  essential  for  the  recruitment  of  Spl, 
AIB1  and  E2F1  (138),  we  next  tested  whether  FoxGl  is  also  recruited  to  the  AIB1  gene  promoter 
through  this  element.  We  performed  chromatin  immunoprecipitation  (ChIP)  assays  using  HEK293T 
cells  transfected  with  either  the  WT  lucif erase  reporter  AIBl(-250/+350)  or  the  same  reporter  with  a 
deleted  Spl  site  -  AIBl(-250/+350)-Spl-del  (Fig.  48B  i).  PCR  primers  with  a  forward  primer 
positioned  on  exon  1  of  the  AIB 1  gene  and  a  reverse  primer  in  the  lucif  erase  sequence  were  used  to 
specifically  detect  and  distinguish  the  transfected  luciferase  vectors  from  the  endogenous  AIB1 
promoter  (Fig.  48B  i,  red  arrows).  Our  ChIP  analysis  showed  that  FoxGl  is  associated  with  the  WT 
AIBl(-250/+350)  reporter  but  not  the  mutant  reporter  AIBl(-250/+350)-Spl-del  (Fig.  48B  iii). 
Consistent  with  published  literature  (138),  our  data  also  demonstrated  that  AIB1,  E2F1  and  Spl  bind 
to  the  WT  AIBl(-250/+350)  reporter,  whereas  the  Spl  site  deletion  abolished  recruitment  of  these 
proteins  (Fig.  48B  iii).  These  results  indicate  that  the  Spl  binding  site  is  not  only  required  for  Spl, 
E2F1  and  AIB1  binding  to  the  AIB1  promoter,  but  it  is  also  critical  for  the  recruitment  of  FoxGl. 
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Figure  48.  FoxGl  represses  AIB1  gene  promoter  activity.  _A,  Model  of  the  AIB1  gene  promoter.  Model  showing 
an  activating  transcriptional  complex  consisting  of  AIB1,  E2F1  and  Spl,  anchored  to  DNA  through  a  Spl -binding 
site,  the  GC  box,  which  is  down  stream  of  exon  1  (black  box)  in  the  -250  to  +350  base  pair  region  of  the  AIB1 
promoter.  The  red  arrows  represent  the  locations  and  orientations  of  the  AIB1  promoter -specific  primers.  B, 
panel  i,  AIB1  wild  type  (WT)  and  mutant  Spl  site -deleted  promoter  luciferase  reporters.  The  red  arrows  are 
primers  that  specifically  detect  these  reporters.  Panel  ii,  FoxGl  represses  the  activity  of  the  AIB1  promoter 
reporter.  MCF-7  cells  were  transfected  with  WT  AIBl(-250/+350)  reporter  alone,  or  together  with  E2F1  in  the 
presence  or  absence  of  FoxGl.  A  representative  graph  is  shown  from  two  independent  experiments  and  data  were 
analyzed  by  one-way  ANOVA  with  Bonferroni  post  test.  **,  P<0.01  when  E2F1  is  compared  to  promoter  alone;  or 
FoxGl  and  E2F1  together  relative  to  E2F1.  Panel  iii,  Protein  association  to  the  Spl  binding  site  in  the  transfected 
AIB1  gene  promoter.  HEK293T  cells  were  transfected  with  either  the  WT  AIB1  reporter  or  the  mutant  reporter 
where  the  Spl  binding  sequence  is  deleted.  Cells  were  processed  for  ChIP  6  hours  post  transfection.  Recruitment 
of  FoxGl,  AIB1,  E2F1  and  Spl  to  both  the  WT-  and  mutant  reporters  was  assessed  with  a  pair  of  primers  that 
specifically  detect  the  transfected  reporter  DNA  (panel  i,  red  arrows).  The  IgG-ChIP  was  arbitrarily  set  as  1  and 
all  the  samples  were  analyzed  and  plotted  in  reference  to  IgG.  Data  represent  two  independent  experiments  and 
were  analyzed  by  Student’s  t  test.  ***,  P<0.001;  **,  P<0.01;  *,  P<0.05  compared  with  IgG  control. 
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FoxGl  forms  a  complex  with  AIB1  and  E2F1  on  the  endogenous  AIB1  gene  promoter 

We  next  performed  ChIP  assays  to  investigate  whether  FoxGl  is  directly  recruited  to  the  - 
250/+350  region  of  the  endogenous  AIB1  gene  promoter  in  MCF-7  cells.  Using  a  pair  of  AIB1 
promoter-specific  primers  where  the  forward  primer  is  positioned  on  exon  1  of  the  AIB 1  gene  and 
the  reverse  primer  is  situated  down-stream  of  the  Spl  binding  sequence  (Fig.  48 A,  red  arrows),  we 
found  that  an  antibody  specific  to  FoxGl,  but  not  the  IgG  control,  successfully  immunoprecipitated 
endogenous  FoxGl  on  the  AIB1  promoter  (Fig.  49 A).  As  a  negative  control  we  demonstrated  no 
specific  FoxGl  binding  relative  to  the  IgG  control  to  a  region  in  the  coding  sequence  of  exon  4  of 
the  AIB1  gene  (Fig.  49 A).  We  also  show  that  FoxGl  is  not  recruited  specifically  to  the  non-target 
albumin  promoter  (Fig.  49 A).  Together,  these  ChIP  data  support  FoxGl  specific  recruitment  to  the 
AIB1  promoter. 

AIB1  has  been  shown  to  directly  interact  with  E2F1  and  the  AIB1-E2F1  complex  is  essential 
for  E2F1 -regulated  gene  transcription(127).  Individual  binding  of  AIB1  and  E2F1  to  the  -250/+350 
region  of  the  endogenous  AIB1  gene  promoter  is  well  established  (138),  and  our  goal  was  to 
determine  whether  AIB1  and  E2F1  are  recruited  to  this  region  as  a  complex.  We  performed 
reciprocal  ChIP-reChIP  (reChIP)  assays  to  address  this  question.  Cross-linked  and  sonicated 
chromatin  was  prepared  from  MCF-7  cells,  incubated  and  immunoprecipitated  first  with  either  AIB1 
or  E2F1  antibodies.  The  AIB1-  or  E2F1  ChIP,  followed  by  “release”  of  the  protein-enriched 
chromatin,  was  subjected  to  a  subsequent  ChIP  with  antibodies  specific  to  either  E2F1  or  AIB1, 
respectively.  As  a  control,  isotype  IgG  was  used  for  the  first  round  of  ChIP  followed  by  E2F1-  or 
AIB1  reChIP.  The  two-step  reciprocal  reChIP  successfully  precipitated  the  endogenous  AIB1 
promoter,  indicating  that  AIB1  and  E2F1  form  a  protein  complex  at  the  -250/+350  region  of  the 
AIB1  promoter  (Fig.  49B). 

We  next  assayed  for  endogenous  FoxGl  participation  in  the  AIB1-E2F1  complex  by 
reciprocal  reChIP  assays.  We  found  that  the  endogenous  AIB1  promoter  was  precipitated  from 
FoxGl/AIBl  and  FoxGl/E2Fl  reChIP  immunoprecipitates,  as  well  as  AIBl/FoxGl  and 
E2Fl/FoxGl  reChIP  immunoprecipitates  (Fig.  49C  and  D).  These  data  suggest  simultaneous 
chromatin  co-occupancy  of  the  three  proteins,  and  indicate  that  there  is  basal  level  recruitment  of 
endogenous  AIB1,  E2F1  and  FoxGl  to  the  -250/+350  regulatory  sequence  of  the  AIB1  promoter. 

We  have  confirmed  an  interaction  between  AIB1  and  FoxGl  (Fig.  46A  and  B),  and  shown 
that  the  two  proteins  are  recruited  to  the  endogenous  AIB1  gene  promoter  as  a  complex  (Fig.  49C). 
To  examine  whether  FoxGl  occupancy  at  the  endogenous  AIB1  promoter  is  dependent  on  the  co¬ 
recruitment  of  AIB1,  we  infected  MCF-7  cells  with  lentiviral  vectors  expressing  shRNAs  targeting 
AIB1  (shRNA-AIBl)  or  control  scrambled  shRNAs  (shRNA-Control).  Depletion  of  AIB1  protein  by 
shRNA  silencing  led  to  a  threefold  decrease  in  AIB1  occupancy  at  the  endogenous  AIB1  gene 
promoter  as  well  as  a  twofold  reduction  in  the  recruitment  of  FoxGl  to  the  promoter  (Fig.  49E).  This 
decrease  in  FoxGl  occupancy  at  the  AIB1  promoter  was  not  due  to  a  reduction  in  FoxGl  expression 
since  its  protein  levels  remained  unchanged  while  the  levels  of  AIB1  protein  were  significantly 
reduced  (Fig.  49E,  Western  Blot).  Together  our  data  indicate  that  the  presence  of  AIB1  is  required 
for  the  co-recruitment  of  FoxGl  to  the  AIB1  gene  promoter. 
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Figure  49.  FoxGI  forms  a  complex  with  AIB1  and  E2F1  on  the  AIB1  gene  promoter.  A,  FoxGI  is  recruited  to 
the  endogenous  AIB1  promoter.  ChIP  assays  were  performed  in  MCF-7  cells,  where  endogenous  FoxGl-DNA 
complex  was  immunoprecipitated  with  anti -FoxGI  antibody  or  isotype  IgG.  Protein-enriched  DNA  was  analyzed 
by  RT-PCR  using  AIB1  promoter-specific  primers  (Fig.  3 A,  red  arrows)  or  primers  that  will  either  amplify  a 
region  in  exon  4  of  the  AIB1  gene  or  the  albumin  promoter.  ChIP  results  were  analyzed  by  Student’s  t  test,  where 
***,  PcO.OOl  relative  to  IgG.  B  to  D  Two-step  ChIP-reChIP  assays  were  performed  in  MCF-7  cells,  and  all  DNA 
samples  were  subjected  to  two  rounds  of  ChIPs.  Sonicated  chromatin  was  immunoprecipitated  first  with  (B) 
AIB1  or  E2F1-,  (C)  FoxGI  or  AIB1-,  or  (D)  FoxGI  or  E2F1  antibodies,  followed  by  reChIP  with  antibodies 
specific  to  (B)  E2F1  or  AIB1,  (C)  AIB1  or  FoxGI,  or  (D)  E2F1  or  FoxGI.  As  a  negative  control,  isotype  IgG  was 
used  for  the  first-round  ChIPs  followed  by  reChIP  of  the  respective  second-round  antibodies.  The  endogenous 
AIB1  promoter  bound  to  each  immunocomplex  as  indicated  in  the  figure  was  analyzed  by  RT-PCR  using  the 
AIB1  promoter-specific  primers.  Student’s  t  test.  ***,  P<0.001;  **,  P<0.01;  *,  P<0.05  when  compared  with  each 
respective  IgG-reChIP  control.  E,  FoxGI  recruitment  to  the  endogenous  AIB1  promoter  is  dependent  on  AIB1. 
Endogenous  AIB1  was  depleted  by  infection  of  MCF-7  cells  with  lentiviral  vectors  expressing  shRNAs  targeting  a 
distinct  sequence  in  AIB1  (shRNA-AIBI)  or  control  scrambled  shRNA  (shRNA-Control).  96  hours  post  lentiviral 
infection,  cells  were  subjected  to  ChIP  analyses  where  protein-DNA  complexes  were  immunoprecipitated  with 
antibodies  against  either  AIB1  or  FoxGI,  or  an  isotype  IgG.  Student’s  t  test.  **,  P<0.01;  shRNA-Control  vs. 
shRNA-AIBI.  The  amount  of  AIB1  protein  knocked  down  96  hours  post  infection  was  assessed  by  Western  blot 
with  antibodies  as  indicated. 


FoxGI  compromises  the  integrity  of  the  activating  complex  on  the  AIB1  gene  promoter 
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We  next  performed  ChIP  assays  to  investigate  the  effect  of  overexpressing  FoxGl  (at  levels 
that  suppress  AIB1  mRNA  expression  and  cause  apoptosis  as  shown  in  Fig.  47 A  and  B)  on  the 
transcription  complex  present  on  the  endogenous  AIB1  promoter  at  bp  +150/+160  (Fig.  48A).  ChIP 
assays  were  performed  from  MCF-7  cells  that  had  been  transfected  with  either  an  EV  control  or  a 
FoxGl -expression  vector.  We  demonstrate  that  increased  expression  of  FoxGl  resulted  in  >50% 
decline  in  the  promoter-binding  activities  of  AIB1,  E2F1,  p300  and  RNA  polymerase  II  (Pol  II), 
although  there  was  no  significant  change  in  Spl  recruitment  at  the  promoter  level  (Fig.  50A).  The 
loss  of  promoter  binding  was  not  due  to  FoxGl -induced  changes  in  gene  expression  since  protein 
levels  of  these  factors  were  either  unchanged  or  increased  (e.g.  E2F1)  when  FoxGl  was 
overexpressed  (Fig.  50B).  Interestingly,  we  did  not  observe  increased  chromatin  occupancy  of 
FoxGl  when  it  was  overexpressed  (Fig.  50A)  suggesting  that  once  cellular  expression  of  FoxGl  is 
above  a  threshold  level,  it  can  promote  rapid  disassembly  of  the  Spl -associated  complex  without 
affecting  the  direct  binding  of  Spl  to  the  +150/+160  AIB1  promoter  binding  element.  To  test  this, 
we  performed  reciprocal  reChIP  experiments  to  assess  the  integrity  of  the  transcriptional  protein 
complex  with  increased  expression  of  FoxGl.  We  show  that  FoxGl  overexpression  in  MCF-7  cells 
caused  significant  reduction  in  the  recruitment  of  protein  complexes  comprising  Spl  and  E2F1, 
AIB1  and  FoxGl  respectively,  or  E2F1  and  Spl,  AIB1  and  FoxGl  respectively  (Fig.  50C  and  D). 
Most  interestingly,  we  observed  that  overexpressing  FoxGl  led  to  a  near  three-  to  twelvefold 
decrease  (depending  on  the  orientation  of  the  reChIP)  in  the  co-recruitment  of  E2F1  complexed  with 
Spl  to  the  AIB1  promoter  (Fig.  50C  and  D;  compare  “Spl/E2F1”  and  “E2F1/Spl”  between  EV, 
white  bar  and  FoxGl,  black  bar). 

The  recruitment  of  p300  to  the  +150/+160  Spl -associated  complex  has  not  been  described 
previously  and  overexpression  of  FoxGl  also  reduces  its  association  with  the  complex  at  the  AIB1 
promoter  (Fig.  5A),  without  a  reduction  in  p300  protein  expression  (Fig.  50B).  The  binding  of  p300 
to  AIB1  is  known  to  promote  and  stabilize  transcriptional  complex  formation,  and  exert  a  positive 
effect  on  gene  transcription(123,  128,  152).  Therefore,  we  wanted  to  determine  whether 
overexpressing  FoxGl  had  any  effect  on  the  recruitment  of  the  AIBl-p300  complex.  We  assessed 
co-occupancy  of  AIB1  and  p300  at  the  AIB1  promoter  by  reciprocal  reChIP,  and  discovered  a  five- 
to  eightfold  reduction  in  the  recruitment  of  AIBl-p300  complex  to  the  AIB1  promoter  in  MCF-7 
cells  transfected  with  FoxGl  as  compared  to  control  (Fig.  50E). 
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Figure  50.  FoxGl  destabilizes  the  Spl-assoicated  transcription  complex  on  the  AIB1  gene  promoter.  A,  FoxGl 
overexpression  leads  to  decreased  recruitment  of  the  members  of  the  transcriptional  complex  to  the  endogenous 
AIB1  promoter.  ChIP  assays  were  performed  in  MCF-7  cells  transfected  with  EV  or  FoxGl  vectors,  by  enriching 
protein-bound  endogenous  AIB1  promoter  with  antibodies  as  indicated.  Student’s  t  test,  where  ***,  PcO.OOl;  **, 
P<0.01  were  FoxGl -expressing  cells  (black  bars)  relative  to  EV  (white  bars).  B,  Relative  protein  levels  after 
FoxGl  transfection  in  MCF-7  cells  are  shown  by  WB  and  probed  with  antibodies  as  indicated.  C  and  D, 
Overexpressing  FoxGl  compromises  the  integrity  of  the  transcription  complex.  The  immunocomplexes  associated 
with  the  AIB1  promoter  were  assessed  by  ChIP-reChIP  experiments,  where  chromatin  was  immunoprecipitated 
sequentially  first  with  an  anti-Spl  antibody,  followed  by  reChIP  with  antibodies  specific  to  either  E2F1,  AIB1,  or 
FoxGl;  or  first  with  an  anti-E2Fl  antibody,  followed  by  reChIP  with  antibodies  specific  to  either  Spl,  AIB1,  or 
FoxGl.  The  Spl-ChIP  and  E2F1-CMP  were  also  followed  by  a  reChIP  of  IgG  as  a  negative  control.  ***,  PcO.OOl; 
**,  P<0.01;  *,  P<0.05  relative  to  E2Fl/IgG.  Student’s  t  test.  E,  Overexpressing  FoxGl  causes  reduction  in  p300- 
AIB1  co-occupancy  at  the  AIB1  promoter.  MCF-7  cells  were  transfected  with  EV  or  FoxGl  as  in  (A),  and 
harvested  for  reChIP  experiments  by  performing  reciprocal  and  sequential  ChIPs  using  antibodies  specific  to 
p300,  followed  by  AIB1,  or  to  AIB1,  followed  by  p300.  The  AIB1  promoter -specific  primers  were  used  to  assess 
the  relative  occupancy  of  the  AIBl-p300  complex  at  the  endogenous  AIB1  promoter.  *,  P<0.05  relative  to 
p300/IgG  or  AIBl/IgG.  Student’s  t  test. 


88 


FoxGl  disrupts  AIBl’s  coactivator  function 

We  next  tested  if  the  effect  of  FoxGl  on  AIB 1 -containing  transcription  complexes  was 
limited  to  the  Spl  binding  site  in  the  AIB1  gene  promoter  or  if  other  promoter  elements  known  to 
involve  AIB1  were  also  affected.  AIB1  has  previously  been  shown  to  coactivate  NF-kB  and  AP- 
1(128,  130).  Therefore  we  examined  the  impact  of  FoxGl  on  promoters  containing  these 
transcription  factor  binding  sites.  As  reported  previously  (153),  AIB1  overexpression  induced 
transcription  from  all  these  reporters  (Fig.  51 A  to  C)  but  concomitant  FoxGl  overexpression  caused 
a  significant  reduction  in  the  AIB  1 -induced  transcription  of  the  AP-1  and  NF-kB  promoters  (Fig. 
51A  and  B).  We  also  observed  a  near-complete  reversal  of  AIB1  coactivation  on  the  estrogen- 
responsive  promoter  (ERE)  reporter  in  the  presence  of  FoxGl  and  estrogen  (Fig.  5 1C).  Interestingly, 
FoxGl  expression  caused  a  slight  decrease  in  AIB1  coactivation  on  the  promoter-reporters  in  the 
empty  vector  transfected  cells  (Fig.  51 A  to  C).  HEK293T  cells  express  endogenous  AIB1  protein, 
which  may  coactivate  the  reporters  and  affect  transcription  from  the  empty  vector  control.  Thus, 
FoxGl  overexpression  should  dampen  basal  AIB1  coactivating  activity.  To  assess  the  impact  of 
FoxGl  expression  on  endogenous  genes  in  MCF-7  cells  we  used  quantitative  RT-PCR  to  generate  a 
mRNA  expression  profile  of  168  genes  that  are  known  to  participate  in  or  respond  to  ER  or  NF- 
kB  signaling.  In  addition,  five  housekeeping  genes  were  included  as  a  loading  control  (ACTB, 
B2M,  GAPDH,  HPRT1,  RPLPO).  Using  a  cutoff  of  gene  expression  changes  of  >1.5  fold  and 
P<0.01,  we  found  that  in  the  NF-kB  gene  set,  30  genes  were  upregulated  and  14  were  downregulated 
(40  were  unchanged);  in  the  ER  responsive  gene  set,  8  genes  were  upregulated  and  42  genes  were 
downregulated  (34  were  unchanged)  after  overexpression  of  FoxGl.  In  supplemental  table  1  we 
detailed  some  of  the  notable  genes  involved  in  breast  cancer  pathogenesis  that  were  downregulated 
by  FoxGl  from  the  NF-kB  and  ER  gene  array  sets.  However,  the  repressive  effect  of  FoxGl  on  AIB 
coactivated  gene  promoters  was  not  universal  since  we  found  in  parallel  experiments  that  FoxGl 
overexpression  had  no  impact  on  endogenous  E2F1 -regulated  genes  such  as  CDK2,  CDC25a, 
MCM7,  E2F1  and  CDC6  in  MCF-7  cells  (Fig.  5 ID).  These  data  indicate  that  FoxGl  is  important  not 
only  for  the  control  of  AIB1  promoter,  but  also  for  some  AIB1  regulated  steroid-dependent  and  - 
independent  transcription,  although  the  impact  of  FoxGl  is  dependent  on  the  promoter  context. 

Supplemental  Table  1 


NF-kB  Responsive 

Gene 

Regulation 

(acronym) 

(fold,  p-value) 

CCL2 

+  18.3** 

CCL5 

+  5.3** 

CSF1 

+  2.1  ** 

CSF2 

+  1.7  ** 

CSF3 

-12.1  ** 

ICAM1 

+  4.9  ** 

IFNG 

-  3.0  ** 

IL8 

+  1.1  ns 

LTA 

+  1.1  ns 

TNF 

+  4.0  ** 

ER  Responsive 

Gene 

Regulation 

(acronym) 

(fold,  p-value) 

AIB1 

-2.0  ** 

BRCA1 

-  2.4  ** 

EBAG9 

-1.6  ** 

ESR1 

-  2.2  ** 

HER2 

-1.6  ** 

IRS1 

-2.1  ** 

PGR 

-1.8** 

PS2=TFFI 

-1.9** 

XB1 

-  2.0  ** 

Supplemental  Table  1.  The  impact  of  FoxGl  expression  on 
endogenous  genes  in  MCF-7  breast  cancer  cells.  MCF-7  cells  were  transfected 
with  an  EV  control  or  FoxGl  expressing  vectors.  Total  RNA  was  collected  24 
hours  post  transfection.  Quantitative  real  time  PCR  was  performed  to  assess 
the  mRNA  expression  of  168  genes  that  are  known  to  participate  in  or 
respond  to  ER  or  NF-kB  signaling  (SA-Biosciences  Array).  All  gene 
expressions  were  corrected  for  loading  controls  (5  housekeeping  genes).  The 
mean  and  99%  confidence  interval  were  calculated  for  all  168  genes.  A  cutoff 
of  gene  expression  changes  of  >1.5  fold  was  used  to  assess  up-  or 
downregulation  of  gene  expression.  **,  P<0.01  relative  to  EV;  ns  =  not 
significant. 
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Figure  51.  FoxGI  disrupts  AIBl’s  coactivator  function. 

A  and  B,  FoxGl’s  effect  on  steroid-independent  promoters.  HEK293T  cells  were  transfected  with  AIB1 
expression  constructs  as  indicated  with  either  (A)  a  multimerized  AP-1  reporter  or  (B)  a  multimerized  NF-kB 
reporter,  in  the  presence  or  absence  of  FoxGI.  c-fos  and  c-jun  expression  vectors  were  also  cotransfected  with  the 
AP-1  reporter.  24  hours  after  transfection,  cells  were  lysed  to  measure  luciferase  activity.  C,  FoxGl’s  effect  on 
estrogen-stimulated  transcription.  AIB1  was  cotransfected  with  ERa  and  estrogen-responsive  promoter  reporter 
(ERE)  constructs  into  hormone-stripped  HEK293T  cells,  with  or  without  cotransfection  of  FoxGI.  Cells  were 
treated  with  ethanol  (-)  or  10  nM  estradiol  (E2)  (+)  for  24  hours  and  analyzed  for  reporter  activity.  Results  are 
expressed  as  changes  in  the  level  of  activation  compared  with  EV -transfected  cells.  D,  FoxGI  has  no  effect  on 
E2F1 -regulated  gene  expression.  MCF-7  cells  were  transfected  with  EV  or  FoxGI  and  total  RNA  was  harvested 
from  cells  to  determine  the  relative  gene  expression  for  CDK2,  CDC25A,  MCM7,  E2F1,  and  CDC6.  The  Ct  values 
were  normalized  to  actin  expression  as  control. 
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Conclusions 

The  control  of  the  overall  levels  and  activity  of  the  nuclear  receptor  coactivator  AIB1  in  a 
cell  occurs  at  multiple  levels  including  control  of  AIB1  levels  of  gene  transcription(137,  138), 
control  of  AIB1  mRNA  stability  and  degradation  (with  e.g.  miRNA-17-5p  (154))  ,  control  of  protein 
modification  including  phosphorylation  (153,  155,  156),  acetylation  (123)  and  sumoylation  (157) 
and  control  of  proteasomal  degradation  of  AIB1  protein  (133,  134,  158).  In  the  current  study  we 
have  determined  that  FoxGl  can  control  levels  of  AIB1  mRNA  by  directly  influencing  the 
transcription  of  the  AIB1  gene.  Based  on  our  data  we  propose  a  model  (Fig.  52)  whereby  the  Spl 
site  at  bp  +150/+160  of  the  AIB1  gene  promoter  is  directly  repressed  by  increasing  levels  of  FoxGl. 
AIB1  can  complex  with  E2F1  and  together  regulate  the  activity  of  its  own  promoter  (137,  138). 
E2F1  can  regulate  AIB1  promoter  activity  by  interacting  with  Spl  bound  at  bp  +150/+160  which, 
via  direct  binding  to  DNA,  appears  to  anchor  the  E2F1-AIB1  coactivating  complex  to  the  AIB1  gene 
promoter  (Fig.  52)  (138). 


transcription 
machinery 
“  off  ” 

Figure  52.  A  proposed  model  for  the  role  of  FoxGl  in  regulating  AIB1  gene  expression. 

FoxGl  binds  to,  and  reduces  AIB1  binding  to  the  components  of  the  activating  transcription  complex  that  is 
required  for  the  upregulation  of  AIB1  gene  expression.  In  the  presence  of  increased  FoxGl  levels,  the  activating 
complex  disassembles  and  disassociates  from  the  AIB1  promoter,  leading  to  reduced  AIB1  gene  transcription. 

This  allows  AIB1  to  coactivate  and  enhance  the  transcriptional  activity  of  its  own  promoter.  Our 
data  show  a  reduction  in  the  recruitment  of  the  “anchorage  complex”,  E2F1-Spl,  as  well  as  the 


91 


essential  “coactivating  complex”,  E2F1-AIB1  to  the  AIB1  promoter  when  FoxGl  is  overexpressed 
(Fig.  50C  and  D).  Our  data  also  indicate  that  p300  is  recruited  as  part  of  the  activating  complex 
necessary  for  high  levels  of  AIB1  gene  transcription  (Fig.  50A  and  52).  CBP/p300  can  bind  AIB1 
directly,  promote  stable  formation  of  the  transcription  complex  and  has  strong  histone  acetylase 
activity  necessary  for  altering  local  chromatin  structure  and  activating  transcription  (123,  152).  We 
show  that  overexpressing  FoxGl  led  to  a  dramatic  reduction  in  the  recruitment  of  p300-AIBl 
complex  to  the  AIB1  promoter  (Fig.  50E).  Our  data  indicate  that  as  FoxGl  levels  rise  in  the  cell,  the 
Spl -associated  transcription  complex  is  disrupted,  causing  E2F1,  AIB1  and  p300  to  dissociate  from 
Spl,  thus  reducing  AIB1  gene  transcription.  Interestingly,  Hsia  et  al.  have  shown  that  E2F  family 
proteins  together  with  AAA+  nuclear  coregulator  cancer  associated  (ANCCAs)  proteins  are 
recruited  to  the  AIB1  gene  promoter  by  binding  to  multiple  noncanonical  E2F  binding  sequences 
within  the  AIB1  first  exon  and  intron  regions,  and  are  able  to  directly  control  AIB1  expression  in 
breast  cancer  cells  (159).  However,  we  believe  that  the  inhibition  of  AIB1  gene  transcription  by 
FoxGl  requires  no  other  elements  of  the  AIB1  gene  promoter  since  deletion  of  the  Spl  binding 
sequence  alone  effectively  prevents  recruitment  of  FoxGl,  AIB1,  E2F1,  and  Spl  to  the  AIB1 
promoter  reporter  (Fig.  48B  iii). 

Previous  studies  have  shown  that  FoxGl  can  cause  transcriptional  repression  by  binding 
DNA  directly  (160)  and  nucleating  a  repressosome  by  recruiting  histone  deacetylase  1  (HDAC1)  and 
TLE  family  proteins  (145).  However,  a  search  (http://www.ncbi.nlm.nih.gov/nuccore)  of  the  region 
flanking  the  Spl  site  in  the  AIB1  gene  promoter  using  AIB1  genomic  DNA  (GenBank  accession  no. 
AL353777)  shows  no  match  for  the  consensus  FoxGl  binding  sequence,  AATGTAAACA,  which  is 
evolutionarily  conserved  and  commonly  shared  by  avian,  rat  and  human  FoxGl  gene  (161). 
Furthermore,  the  interaction  of  AIB1  with  FoxGl  in  cell  lysates  occurs  in  the  absence  of  tethering 
DNA.  This  suggests  that  in  the  context  of  the  Spl  binding  site  in  the  AIB1  promoter,  FoxGl  inhibits 
transcription  by  disrupting  an  activating  transcription  complex  bearing  histone  acetylase  activity, 
rather  than  by  forming  a  de  novo  repressosome  after  direct  DNA-binding  to  the  AIB1  gene  promoter. 
Also  consistent  with  this  paradigm  of  FoxGl-induced  repression  mechanism  is  that,  in  our  ChIP 
assays  in  cells  overexpressing  FoxGl,  we  did  not  observe  increased  FoxGl  binding  to  the  AIB1 
promoter  in  the  vicinity  of  the  Spl  binding  site.  In  fact,  as  exogenous  FoxGl  levels  increase  in  the 
cell,  the  amount  of  FoxGl  present  in  the  Spl -associated  transcription  complex  decreases  along  with 
the  loss  of  AIB1  and  E2F1.  This  suggests  that  at  higher  concentrations  of  FoxGl,  there  is  an  increase 
in  its  access  or  affinity  for  AIB1  binding,  possibly  though  dimerization,  and  this  in  turn  would 
accelerate  degeneration  and  disassembly  of  the  activating  transcription  complex.  Similar  models  of 
repression  have  been  seen  with  Foxpl,  a  transcriptional  repressor  of  the  forkhead  protein  family 
which  has  been  shown  to  be  tumor  suppressive  in  several  types  of  cancers  (162).  Foxpl  can  homo- 
and  heterodimerize  with  Foxp2  and  Foxp4,  and  dimerization  is  required  for  interacting  with  other 
transcription  cofactors  and  for  executing  transcriptional  repression  (163). 

Our  data  also  suggest  that  FoxGl  may  fall  under  the  category  of  “short-range  repressors,” 
which  generally  act  within  100  bp  of,  or  bind  adjacently  to  a  transcriptional  activator,  causing 
inhibition  through  “quenching”  (164-166).  Short-range  repressors  may  also  directly  interact  with  an 
activating  cofactor  and  interfere  with  its  activity  or  block  its  access  to  the  basal  transcriptional 
machinery  (167,  168).  It  is  been  demonstrated  that  several  members  of  the  short-range  repressors 
mediate  transcriptional  repression  in  a  repressor  concentration-dependent  manner,  in  which  higher 
repressor  protein  levels  (as  compared  to  low  levels)  are  sufficient  to  switch  a  gene  from  an  active  to 
an  inactive  state  (168-170).  Therefore,  it  is  possible  that  activation  of  the  AIB1  gene  promoter 
occurs  when  FoxGl  protein  levels  are  lowered  or  lost  in  a  cell.  Since  high  AIB1  expression  can  lead 
to  uncontrolled  cell  proliferation  and  tumorigenesis  (131),  it  is  possible  that  cells  employ  FoxGl  to 
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control  and  dampen  AIB1  transcription.  FoxGl  thus  may  serve  as  a  short-range  repressor  for  the 
AIB1  promoter,  as  we  have  shown  that  FoxGl  binding  to  AIB1  leads  to  the  detachment  of  the 
critical  activating  protein  complexes  from  the  AIB1  gene  promoter  which  subsequently  causes  the 
disintegration  of  the  Spl -associated  positive  regulatory  transcription  complex  (Fig  50C  and  D).  In 
this  sense,  FoxGl  acts  like  a  tumor  suppresser  and  this  would  be  consistent  with  the  loss  of  FoxGl 
expression  as  cells  evolve  from  normal  to  cancerous  (Fig.  46C). 

A  question  that  arises  from  the  proposed  model  in  Fig.  52  is:  How  does  FoxGl  cause 
destabilization  of  the  Spl -associated  transcription  complex?  One  possibility  is  that  through  binding, 
FoxGl  induces  a  conformational  change  in  AIB1  which  leads  to  reduced  affinity  between  AIB1  and 
the  other  members  of  the  Spl  transcription  complex.  Future  studies  will  be  directed  to  examine  the 
domains  of  AIB1  and  FoxGl  responsible  for  complex  formation  and  repression  of  gene 
transcription.  Another  intriguing  observation  from  our  study  is  that,  despite  the  disruptive  effect 
FoxGl  exerts  on  AIB1 -mediated  coactivation,  we  found  that  this  is  not  limited  to,  or  exclusive  to  the 
Spl  regulatory  sequence.  In  fact,  we  observed  dramatic  reductions  in  AIB1  coactivation  at  NF-kB 
and  AP-1  regulatory  elements  (Fig.  51 A  and  B).  Although  not  all  AIB1 -associated  promoter 
elements  are  influenced  by  FoxGl,  since  the  transcription  of  a  number  of  E2F1 -driven  genes  was 
unaffected  by  increasing  amounts  of  FoxGl  in  the  cell.  This  implies  that  FoxGl  repression  of  a  gene 
promoter  activity  is  context-specific  for  AIB1  in  a  transcription  complex.  A  recent  genome-wide 
location  analysis  of  AIB1  chromatin  affinity  sites  in  17p-estradiol  (E2)  -treated  MCF-7  cells 
demonstrated  a  significant  overlap  of  AIB1  with  FoxAl  binding  sites  in  the  breast  cancer  cell  DNA 
(171).  FoxAl  is  another  member  of  the  forkhead  family  and  a  determining  factor  for  estrogen 
receptor  function  and  endocrine  response  (172).  It  would  be  interesting  to  investigate  the  portion  of 
AIB1  genomic  binding  sites  that  are  also  engaged  by  FoxGl,  and  to  determine  whether  such  a 
population  represent  a  subset  of  FoxGl-  regulated  genes. 

Reintroducing  AIB1  into  FoxGl-induced  apoptotic  MCF-7  cells  was  only  able  to  partially 
restore  viability  in  these  cells  (Fig.  47C).  This  could  indicate  that  FoxGl  induction  of  apoptosis  also 
involves  genes  that  are  not  directly  regulated  by  AIB1.  However,  complete  replenishment  of 
endogenous  AIB 1  levels  is  difficult  to  achieve  after  knockdown  and  also  the  temporal  response  of 
different  AIB1  regulated  genes  can  be  variable.  Global  ChIP  assays  have  revealed  that  AIB1  is 
widely  distributed  in  the  genome  (171)  and  our  data  have  shown  that  FoxGl  downregulates  AIB1 
coactivation  of  AP-1  and  NF-kB  transcription  (Fig.  51A  and  B).  AP-1  is  known  to  promote  the 
expression  of  genes  involved  in  cell  cycle  progression  (173),  and  NF-xB-dependent  gene 
transcription  is  crucial  for  pro-proliferation  and  anti-apoptosis  signals  (174).  Thus  reduction  in  AIB1 
levels  by  FoxGl  repression  likely  has  effects  on  multiple  AIB  1 -regulated  pathways  which  result  in 
apoptosis.  Of  note  is  that  FoxGl  is  also  known  to  antagonize  TGF-P  signaling  by  binding  to,  and 
blocking,  the  action  of  SMAD-3/4  proteins,  both  of  which  are  major  signal-transducers  of  TGF-P 
(175).  Interestingly,  AIB1  is  one  of  a  number  of  TGF-P  responsive  genes  in  A549  human  lung 
carcinoma  cells  (176)  and  TGF-P  can  significantly  upregulate  AIB1  gene  transcription  in  MCF-7 
cells  (136).  Thus  FoxGl  inhibition  of  TGF-P  signaling  might  also  be  involved  in  the  FoxGl- 
mediated  apoptosis  in  MCF-7  cells. 

The  overexpression  of  the  oncogene  AIB1  is  associated  with  worse  disease  outcome  in 
multiple  types  of  tumors  (177).  However,  loss  of  AIB1  can  also  be  pro-oncogenic  in  certain 
contexts,  such  as  in  B-cell  lymphoma  (178).  Similarly,  although  FoxGl  can  interact  with  AR 
directly  in  vitro  and  acts  as  a  corepressor  to  both  AR-  and  PR-mediated  transactivation  (144),  FoxGl 
is  also  shown  to  be  upregulated  in  ovarian  cancer  (179),  and  its  gene  amplification  is  associated  with 
the  development  of  bladder  cancer  and  medulloblastoma  (180,  181).  This  suggests  that  FoxGl  can 
be  both  pro-  or  anti-oncogenic,  depending  on  the  cellular  environment.  Our  analysis  of  the 
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microarray  data  generated  from  breast  cancer  populations  indicates  that  lower  levels  of  FoxGl 
segregate  with  worse  clinical  outcome  (Fig.  46E).  Since  estrogen  is  reported  to  suppress  cellular 
AIB1  expression  in  MCF-7  cells  (136),  it  is  possible  that  ER  status  may  contribute  to  the  better 
prognosis  associated  with  higher  FoxGl  levels  in  patients.  However,  the  risk  of  relapse  with  low 
FoxGl  was  not  significantly  different  in  the  ER-positive  and  -negative  patient  populations  analyzed 
in  Fig.  46E  (data  not  shown).  Overall  our  observations  in  the  present  study  suggest  that  FoxGl  can 
act  like  a  tumor  suppressor  in  breast  cancer,  and  downregulation  of  FoxGl  function  could  represent 
an  important  mechanism  to  drive  AIB 1 -dependent  survival  and  growth.  Mimicking  FoxGl  binding 
to  AIB1  with  small  molecule  inhibitors  is  therefore  a  possible  therapeutic  approach  in  AIB1 
overexpressing  cancers. 

Future  Directions: 

We  are  currently  determining  whether  loss  or  gain  of  FoxGl  causes  a  change  in  the  proliferative  or 
apoptotic  response  of  MCF7  or  MCF7:5C  cells.  We  are  testing  different  FoxGl  shRNA  constructs  to 
determine  which  of  these  will  produce  efficient  knock  down  and  will  then  utilize  the  most  effective 
shRNAs  for  inducible  knockdown  experiments.  In  parallel,  we  are  also  trying  to  determine  if  gain  or 
loss  of  FoxGl  expression  is  due  to  epigenetic  changes  in  the  FoxGl  gene  promoter  or  changes  in 
expression  of  miRNAs  that  target  FoxGl. 
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TASK  4:  (FCCC/Ariazi;  TGen/Cunliffe;  Jordan/GU)  -  To  analyze  E2-induced  survival  and 
apoptotic  pathways  using  gene  arrays  and  siRNAs. 


Task  4a:  (Cunliffe,Azorsa,  Balagurunathan)  -  Interrogate  pathways  of  endocrine  resistance 
using  high  throughput  RNA  interference  (HT-RNAi) 

There  are  two  current  projects  that  are  ongoing  now  at  the  discovery  and  writing  stage  based 
upon  the  databases  created  at  TGen  with  two  specific  objectives. 

1  CGH  of  Cell  lines 


Dr.  Heather  Cunliff  earlier  completed  the  CGH  for  MCF-7:WS8  (estrogen  deprived),  MCF- 
7:5C  and  MCF-7:2A  (two  estrogen  deprived  clones  that  grow  spontaneously).  Results  for  these 
studies  were  presented  as  an  oral  presentation  by  Dr.  Cunliff  in  2007  at  the  Era  of  Hope  Meeting  in 
Baltimore.  Dr.  Cunliff  has  now  completed  the  Agilent  gene  array  for  MCF-7:2A  and  MCF-7:5C 
hybridized  against  MCF-7:WS8  (estrogen  deprived)  RNAs.  These  data  will  be  amalgamated  with 
the  prior  CGH  data  and  are  currently  being  prepared  for  publication. 

2  Pharmacology  of  the  MCF-7:PF  Cell  Line  (see  Task  2b) 

We  have  discovered  that  long-term  treatment  of  MCF-7:5C  cells  with  physiologic  estrogen  and 
the  c-Src  inhibitor,  PP2,  results  in  the  inhibition  of  estrogen-induced  apoptosis  causes  the  evolution 
of  a  new  cell  population  that  is  ER  positive,  PgR  positive,  and  now  grows  in  response  to  a  panel  of 
SERMs.  This  new  observation  is  currently  being  developed  and  interrogated  in  the  laboratory,  as  this 
is  the  first  time  that  there  has  been  any  report  of  a  SERM  stimulated  cell  in  culture.  As  a  first  step, 

Dr.  Heather  Cunliff  has  worked  with  Dr.  Ping  Fan  to  created  an  Agilent  gene  array  database 
mapping  the  pathways  for  estrogen  stimulated  growth  or  SERM  stimulated  growth.  It  is  clear  that 
the  complex  survival  networks  can  rapidly  produce  new  clones  of  cells  to  subvert  antihormone 
therapy  and  reverse  apoptosis  into  cell  growth. 
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KEY  RESEARCH  ACCOMPISHMENTS 


Task  1  (LCCC,  Isaacs) 

•  The  creation  of  a  new  low-dose  estrogen  protocol  to  treat  women  who  have  been 
exhaustively  treated  with  antihormone  therapy. 

•  The  consolidation  of  the  Georgetown  Lombardi  Comprehensive  Cancer  Center  vision  of 
clinical  trials  testing  with  Hackensack  Hospital  in  New  Jersey. 

Task  2a  (GU  -  Jordan/Fan) 

•  Estrogen  (E2)  widely  activated  apoptosis-related  genes  detected  by  RNA-sequence  analysis 
in  MCF-7:5C  cells.  Majority  of  these  genes  were  related  with  stress. 

•  We  further  found  that  E2  activated  sensors  of  unfolded  protein  response  (UPR)  after  24  hours 
treatment  in  MCF-7:5C  cells.  It  indicated  that  E2  caused  extra  unfolded  protein  accumulating 
in  the  endoplasmic  reticulum. 

•  E2  caused  mitochondrial  dysfunction  through  disrupting  mitochondrial  membrane  integrity. 

•  E2  activated  energy  stress  sensor  AMPK  after  48  hours  treatment  in  MCF-7:5C  cells  which 
demonstrated  the  function  of  mitochondria  was  damaged  after  E2  treatment. 

•  E2  activated  oxidative  stress  indicator  HMOX1  and  increased  the  production  of  reactive 
oxygen  species  (ROS). 

•  The  scavengers  of  free  radicals  prevented  E2-induced  apoptosis,  confirming  that  oxidative 
stress  played  an  important  role  in  apoptosis. 

•  E2  activated  TNF  family  members  (TNFa,  LTA,  and  LTB),  suggesting  that  E2  activated 
extrinsic  apoptotic  pathways  in  MCF-7:5C  cells. 

•  Inhibition  of  c-Src  tyrosine  kinase  partially  blocked  some  kinase  activities  such  as  eIF2a  and 
AMPK  involved  in  the  process  of  stress. 

•  The  c-Src  inhibitor,  PP2,  reduced  the  production  of  ROS  induced  by  E2. 

•  The  c-Src  inhibitor  effectively  blocked  the  extrinsic  pathways  induced  by  E2. 

•  The  c-Src  inhibitor  blocked  apoptosis  induced  by  E2,  confirming  by  the  specific  siRNA  to 
knock  down  c-Src. 

•  We  confirmed  that  E2-triggered  apoptosis  might  be  utilizing  c-Src  tyrosine  kinase  as  an 
important  signaling  pathway.  c-Src  tyrosine  kinase  acted  as  an  important  signal  transducer  in 
the  process  of  stress  induced  by  E2. 

•  c-Src  was  involved  in  the  non-genomic  and  genomic  pathways  activated  by  E2  in  MCF-7:5C 
cells.  We  excluded  that  the  non-genomic  pathway  was  involved  in  triggering  apoptosis  by  E2. 

•  Our  data  implied  that  classical  ERE  regulated  transcriptional  pathways  were  not  required  by 
the  E2-induced  apoptosis.  We  are  currently  investigating  the  functions  of  non-classical 
transcription  factors  such  as  AP-1  family  members  in  regulation  of  stress  responses  and 
causing  apoptosis. 

•  These  data  provided  an  important  therapeutic  rationale  for  the  patient  selection  in  clinical 
trials  with  c-Src  inhibitors  in  aromatase  inhibitor  resistant  breast  cancer. 
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Task  2b  (GU  -  Jordan/Fan) 

•  Based  on  the  findings  in  the  Task  2a  section,  we  treated  MCF-7:5C  cells  long-term  (8 
weeks)  with  different  combinations  to  further  investigate  the  therapeutic  potential  of  the 
combination  of  the  c-Src  inhibitor  PP2  and  E2  on  the  growth  of  MCF-7:5C  cells. 

•  Long-term  treatment  with  PP2  alone  or  E2  alone  still  decreased  cell  growth  with  G1  arrest  of 
cell  cycles. 

•  In  contrast,  a  combination  of  PP2  and  E2  blocked  apoptosis  and  the  resulting  cell  line  (MCF- 
7:PF)  was  unique,  as  they  grew  vigorously  in  culture  with  physiological  levels  of  E2. 

•  E2-stimulated  growth  could  be  blocked  by  the  pure  antiestrogen  ICI  182,780,  implying 
existence  of  functional  estrogen  receptor  (ER). 

•  Progesterone  receptor  (PR)  was  strictly  regulated  by  E2  which  made  E2  alone  treated  cells 
and  MCF-7:PF  cells  have  higher  levels  of  PR  protein. 

•  However,  the  progestin  uniquely  activated  PRE  activity  in  MCF-7:PF  cells  which  could  be 
blocked  by  anti-progestin  RU486.  They  also  had  different  cell  growth  responses,  progestin 
stimulated  growth  in  MCF-7:PF  cells,  but  not  in  E2  alone  treated  cells. 

•  The  c-Src  inhibitor  synergized  with  E2  to  elevate  transcriptional  activity  of  in  MCF-7:PF 
cells. 

•  The  c-Src  inhibitor  continuously  inhibited  Akt  pathway  but  transiently  blocked  MAPK  in 
MCF-7:5C  cells.  The  increased  MAPK  phosphorylated  PR  on  Ser294  site,  affecting  the 
transcriptional  activity  of  PR. 

•  The  c-Src  inhibitor  collaborated  with  E2  to  increase  the  level  of  insulin-like  growth  factor- 1 
receptor  beta  (IGF-1RP).  Blockade  of  IGF-IRp  completely  abolished  E2-stimulated  growth 
in  MCF-7:PF  cells. 

•  Furthermore,  combination  treatment  up-regulated  transcription  factors  Twistl  and  Snail  and 
repressed  E-cadherin  expression  which  made  MCF-7:PF  cells  display  a  characteristic 
phenotype  of  epithelial-mesenchymal  transition  (EMT). 

•  These  data  illustrate  that  caution  must  be  exercised  when  considering  c-Src  inhibitors  in 
clinical  trials  following  the  development  of  acquired  resistance  to  aromatase  inhibitors, 
especially  in  the  presence  of  the  patient’s  own  estrogen. 


Task  2c  (GU-  Jordan/Sengupta) 

•  Estrogen  induced  apoptosis  of  MCF7:5C  cells  is  mediated  by  ER-stress  and  unfolded  protein 
response  which  uses  the  PERK  pathway.Estrogen  treatment  increases  phosphorylation  of  the 
translational  initiation  factor,  eIF2a  after  12  hours  remains  elevated. 

•  The  phosphorylation  of  eIF2a,  at  serine  51,  is  critical  for  activation  of  the  down-stream 
factors,  ATF4  and  CHOP  for  inducing  apoptosis  by  apoptosis. 

•  The  RNA  levels  of  GADD34,  which  de-phosphorylates  eIF2a,  was  up-regulated  after  72 
hours  of  estrogen  treatment  but  the  protein  levels  remained  unchanged  throughout  the  course 
of  treatment. 
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•  Salubrinal,  a  compound  which  inhibits  de-phosphorylation  of  eIF2a  at  serine  51,  was  able  to 
mimic  estrogen  in  inducing  apoptosis  in  the  MCF7:5C  cells  suggesting  eIF2a 
phosphorylation  is  a  key  event  for  apoptosis. 

•  Over-expression  of  the  phospho-mutant  eIF2a  in  the  MCF7:5C  cells  was  able  to  decrease  the 
levels  of  phospho-eIF2a  and  inhibit  the  thapsigargin  induced  apoptosis. 

•  Knock-down  of  CHOP  (a  down-stream  target  of  PERK  pathway)  also  resisted  the  ER-stress 
induced  apoptosis  most  likely  by  blocking  the  up-regulation  of  the  pro-apoptotic  BIM 
protein. 


Task  2d  (GU  -  Jordan/Sengupta/Obiorah) 

•  Basal  expression  of  cMYC  transcripts  and  protein  level  is  3-4  fold  higher  in  the  Al-resistant 
ER+  breast  cancer  cell  model,  MCF7:5C  cells,  as  compared  to  parental  counterpart  MCF7 
cells. 

•  Pharmacological  inhibition  of  cMYCusing  10058-F4,  inhibited  the  estrogen  independent 
growth  by  reducing  the  ‘S’  phase  cellsof  MCF7:5C  cells. 

•  Knock-down  of  cMYC  gene  in  MCF7:5C  cells  inhibited  the  estrogen  independent  growth  of 
the  cells  by  reducing  the  ‘S’  phase  cells. 

•  High  cMYC  expression  correlated  with  poor  relapse  free  survival  in  patients  treated  with 
endocrine  therapy  but  not  chemotherapy. 

•  High  levels  of  serine-2-phosphorylated  RNA  polymerase  II  (a  marker  of  elongation  of  RNA 
synthesis)  was  recruited  at  the  cMYC  promoter  in  MCF7:5C  cells,  as  compared  to  parental 
MCF7  cells,  is  most  likely  responsible  for  the  higher  levels  of  cMYC  transcripts. 

•  High  levels  of  phosphorylated-CDK9  were  found  in  MCF7:5C  cells  which  is  known  for  the 
phosphorylation  of  serine-2  residue  of  RNA  polymerase  II. 

•  Pharmacological  inhibition  of  CDK9  not  only  blocked  the  estrogen-independent  growth  of 
the  MCF7:5C  cells  but  also  inhibited  the  transcription  of  cMYC  gene  and  the  protein  levels. 

Task  2e  (GU-  Jordan/Obiorah) 

•  E2-induced  apoptosis  occurs  as  a  delayed  event  in  MCF7:5C  cells  in  contrast  to  the  generally 
accepted  norm. 

•  Paclitaxel,  a  cytotoxic  chemotherapy,  rapidly  induces  apoptosis  in  the  same  cell  line  by 

•  24  hrs,  while  E2  begins  this  process  after  72  hrs  using  a  cell  proliferation  assay. 

•  E2  induces  ERS  and  inflammatory  stress  genes  as  well  as  apoptotic  genes  that  induce 

•  both  the  intrinsic  apoptosis  pathway  at  36  hrs  and  the  extramitochondrial  pathway  at  48hrs. 

•  Given  the  above  results,  it  is  proposed  that  E2-induced  apoptosis  involves  a  number  of 
multifactorial  events  that  may  explain  thedelayed  apoptosis  that  is  observed  in  the  MCF7:5C 
cells. 

•  Paclitaxel  selectively  induces  the  TRAIL/TNFRSF10A/B  pathway  initially  which  expand 

•  to  involve  more  death  receptors  with  inhibition  of  the  cell  cycle  at  G1  checkpoint  by  p21. 

•  Cell  cycle  analysis  show  that  paclitaxel  causes  rapid  reduction  of  the  S  phase  as  well  as 
G2/M  blockade  by  12  h  of  treatment.  By  contrast,  E2  causes  an  initial  proliferation,  then 
apoptosis  of  the  MCF7:5C  cells. 
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Task  2f  (GU-  Jordan/Obiorah) 

•  ERS  genes  indicated  that  E2  inhibited  protein  folding  leading  to  accumulation  of  unfolded 
proteins  and  widespread  inhibition  of  protein  translation  with  subsequent  induction  of  cell 
death. 

•  In  response  to  severe  ERS,  Bcl-2  interacting  mediator  of  cell  death  (Bim;  BCL21 1)  was 
induced. 


Task  2g  (GU-  Jordan/Maximov) 

•  The  cis  and  trans  isomers  of  the  tested  compounds  have  different  estrogenic  properties  in 
wild  type  breast  cancer  cells. 

•  The  cis  and  trans  isomers  of  the  tested  compounds  have  a  different  ability  to  induce  estrogen- 
induced  apoptosis  and  with  a  different  timecourse  (delayed  apoptosis),  when  compared  to 
estradiol  in  antiestrogen  resistant  breast  cancer  cells. 


Task  3a  (GU  -  Riegel/Wellstein) 

•  The  oncogene  nuclear  receptor  coactivator  amplified  in  breast  cancer  1  (AIB1)  is  a 
transcriptional  coactivator  that  is  overexpressed  in  various  types  of  human  cancers.  However, 
the  molecular  mechanisms  controlling  AIB 1  expression  in  breast  cancer  remain  unclear. 

•  We  identified  a  novel  interacting  protein  of  AIB1,  forkhead-box  protein  G1  (FoxGl),  which 
is  an  evolutionarily  conserved  forkhead-box  transcriptional  corepressor. 

•  We  show  that  FoxGl  expression  is  low  in  breast  cancer  cell  lines,  and  that  low  levels  of 
FoxGl  are  correlated  with  a  worse  prognosis  in  breast  cancer. 

•  We  demonstrate  that  transient  overexpression  of  FoxGl  can  suppress  endogenous  levels  of 
AIB1  mRNA  and  protein  in  MCF-7  breast  cancer  cells.  Exogenously  expressed  FoxGl  in 
MCF-7  cells  also  leads  to  apoptosis  that  can  be  rescued  in  part  by  AIB1  overexpression. 

•  Using  chromatin  immunoprecipitation  (ChIP),  we  determined  that  FoxGl  is  recruited  to  a 
region  of  the  AIB1  gene  promoter  previously  characterized  to  be  responsible  for  AIB1- 
induced,  positive  auto-regulation  of  transcription  through  the  recruitment  of  an  activating, 
multiprotein  complex,  involving  AIB1,  E2F1  and  Spl.  Increased  FoxGl  expression 
significantly  reduces  the  recruitment  of  AIB1,  E2F1  and  p300  to  this  region  of  the 
endogenous  AIB  1  gene  promoter. 

•  Our  data  imply  that  FoxGl  can  function  as  a  pro-apoptotic  factor  in  breast  cancer  in  part 
through  suppression  of  AIB1  coactivator  transcription  complex  formation,  thereby  reducing 
the  expression  of  the  AIB1  oncogene 
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Task  4a  (TGen  -  Azorsa/Balagurunathan/Cunliffe) 

•  The  original  CGH  for  our  three  cell  lines  our  now  in  the  process  of  being  analyzed  and 
melded  with  Agilent  gene  arrays  of  RNA  from  MCF-7:5C  and  MCF-7:2A  hybridized  against 
MCF-7:WS8  (estrogen  deprived). 

•  The  unique  MCF-7:PF  cell  line,  that  is  SERM  stimulated  for  growth  is  being  evaluated  using 
Agilent  arrays  to  determine  the  mechanism  of  estrogen  versus  SERM  stimulated  growth. 
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CONCLUSIONS 

It  is  important  to  stress  at  the  outset  of  this  section,  that  there  is  growing  momentum  within 
the  clinical  community  that  our  work  is  an  important  new  dimension  in  women"s  health. 

This  is  illustrated  by  three,  well-defined  facts: 

1)  Our  focus  on  the  applicability  of  our  laboratory  results  through  the  use  of  low  dose 
estrogen  for  the  treatment  of  metastatic  breast  cancer  following  antihormone  drug  resistance 
is  now  a  general  topic  of  discussion.  Our  work  has  been  pivotal  for  the  publication  of  others; 
the  concept  we  proposed  from  the  laboratory  data  enhances  the  treatment  of  women  with 
breast  cancer(59,  182). 

2)  Our  concepts  form  the  basis  of  a  major  clinical  trial  in  Europe  and  around  the  world, 
described  as  the  Study  of  Letrozole  Extension  (SOLE)(183).  The  strategy  for  the  study  is  to 
examine  whether  continuous  long  term  antihormone  therapy  is  better  or  worse  for  the 
adjuvant  treatment  of  ER-positive  breast  cancer  than  therapy  that  has  three  months  per  year 
drug  holidays,  where  the  women"s  own  estrogen  can  destroy  the  antihormone  resistant  breast 
cancer  cells  before  drug  resistance  disease  gets  a  hold. 

3)  The  recent  published  findings  of  the  Women"s  Health  Initiative  (WHI)  of  estrogen 
replacement  therapy  in  hysterectomized  postmenopausal  women  showed  a  reduction  in  the 
incidence  of  breast  cancer  that  in  fact  continues  for  five  years  after  estrogen  therapy  stops(l). 
We  are  providing  all  of  the  scientific  knowledge  database  to  explain  this  apparently 
paradoxical  finding  (estrogen  replacement  reduces  the  risk  of  breast  cancer!).  We  obviously 
take  very  seriously,  the  fact  that  we  are  the  pioneering  group  scientifically  in  this  area  and 
through  the  investment  of  the  DOD  CoE  grant  via  their  visionary  peer  reviewed  system,  we 
have  been  given  the  responsibility  to  decipher  the  mechanisms  involved  in  this  new  biology 
of  estrogen-induced  apoptosis  in  breast  cancer. 

It  is  clear  from  the  aforementioned  three  broad  applications  in  clinical  medicine  that  we 
have  an  opportunity  to  revolutionize  women"s  health  through  the  prudent  application  of  remaining 
resources  awarded  through  our  CoE  grant  to  be  used  in  our  no  cost  extension.  I  will  systematically 
create  an  executive  summary  conclusion  for  each  of  our  ongoing  Tasks. 

Our  high  dose  estrogen  protocol  is  IRB  approved,  however  we  have  now  developed  a  new 
strategy  to  enhance  recruitment  and  export  our  protocol  through  a  future  funding  opportunity  to  a 
remote  site.  These  opportunities  have  occurred  because  of  the  following  changing  circumstances.  Dr. 
Alexandra  Zimmer  is  an  NCI  medical  oncology  fellow  who  holds  clinics  each  week  at  the 
Georgetown  Lombardi  Cancer  Center  with  Dr.  Isaacs.  The  fact  that  a  clinical  trial  comparing  high- 
dose  (30mg  daily  Estrace)  versus  low  dose  Estrace  (6mg  Estrace  daily)  has  now  been  published 
(Ellis  MJ,  Gao  F,  Dehdashti  F,  Jeffe  DB,  Marcom  PK,  Carey  LA,  Dickler  MN,  Silverman  P, 
Fleming  GF,  Kommareddy  A,  Jamalabadi-Majidi  S,  Crowder  R,  Siegel  BA.  Lower-dose  vs  high- 
dose  oral  estradiol  therapy  of  hormone  receptor-positive,  aromatase  inhibitor-resistant  advanced 
breast  cancer:  a  phase  2  randomized  study.  JAMA  2009;302(7):774-80.)  by  others  based  on  our 
laboratory  work.  The  study  demonstrates  that  low-dose  estrogen  has  lower  side  effects  then  our 
current  protocol  using  high-dose  estrogen.  Georgetown  Lombardi  Comprehensive  Cancer  Center  has 
recently  entered  into  negotiations  and  now  concluded  an  agreement  with  Hackensack  Hospital  in 
New  Jersey  to  create  an  integrated  clinical  trial  system.  Dr.  Zimmer  and  Dr.  Isaacs  will  be  exporting 
our  low-dose  estrogen  protocol  to  Hackensack  to  create  a  baseline  study  to  reproduce  the  results 
obtained  from  the  JAMA  article  above.  It  is  our  long-term  goal  to  use  the  results  of  this  clinical  trial 
to  improve  clinical  responsiveness  through  combination  therapies  of  low-dose  estrogen  with 
selective  inhibitors  of  tumor  cell  survival.  It  is  our  goal  to  improve  response  rates  from  around  thirty 
percent  to  above  fifty  percent  (Task  la). 
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Our  major  accomplishment  to  date  on  the  grant  has  been  to  create  a  map  of  the  life  and  death 
of  breast  cancer  cells  in  response  to  physiological  estrogen.  This  is  a  new  unique  dataset  that  is 
invaluable,  but  the  complexity  of  our  dataset  is  currently  a  challenge  to  the  best  brains  in 
bioinformatics  in  the  world,  with  whom  we  are  currently  collaborating.  It  is  important  to  realize  that 
our  visionary  approach  proposed  the  equivalent  of  creating  a  movie,  of  the  life  and  death  of  breast 
cancer  cells  through  gene  activation  and  suppression,  but  every  other  research  group  in  the  world  is 
studying  only  single  photographs  of  cells  and  tumors  at  a  single  point  in  time.  Nevertheless,  it  is  our 
accomplishment  that  has  been  enhanced  by  considerable  bioinformatics  input  and  the  development 
of  new  computer  modeling  systems  to  analyze  gene  dosing  activation  against  time  for  the  growth 
and  death  of  human  breast  cancer  cells  in  response  to  estrogen.  We  have  taken  all  of  our  enormous 
gene  array  data  against  time  (96  hours)  andprovided  it  to  Dr.  Joe  Gray  at  the  University  of  Oregon. 
He  will  be  working  with  us  over  the  next  year  of  the  grant  to  create  an  unique  pathway  analysis 
“movie”.  This  has  never  been  done  before.  With  our  database,  we  have  already  identified  the 
sequence  of  events  for  estrogen-induced  apoptosis  in  our  endocrine  resistant  breast  cancer  cells. 
Estrogen  induces  a  stress  response  and  activates  inflammatory  genes.  This  discovery  now  allows  us 
to  interrogate  this  mechanism  of  inflammation-mediated  cell  death  through  its  modulation  with  anti¬ 
inflammatory  agents  such  as  glucocorticoids.  The  other  major  finding  from  our  database  is  a 
description  of  the  caspase  cascade  that  provokes  cell  death  and  destruction  following  estrogen- 
induced  apoptosis.  We  have  precisely  defined  and  identified  caspase  4  as  the  trigger  caspase  in  the 
initiation  of  estrogen-induced  apoptosis.  However,  we  now  seek  to  build  upon  our  database  and  use 
molecular  pharmacology  to  define  and  refine  the  input  signal  through  the  estrogen  receptor  that 
modulates  estrogen-induced  apoptosis.  We  are  addressing  the  issue  of  what  are  the  basic  estrogen- 
ER  related  events  that  trigger  estrogen  induced  apoptosis? 

Our  publications  demonstrate  that  physiological  concentrations  of  estrogen  (E2)  induce 
endoplasmic  reticulum  and  oxidative  stress  which  finally  result  in  apoptosis  in  E2-deprived  breast 
cancer  cells,  MCF-7:5C.  c-Src  is  involved  in  the  process  of  E2-induced  stress.  To  mimic  the  clinical 
administration  of  c-Src  inhibitors,  we  treated  cells  with  either  E2,  a  c-Src  inhibitor  PP2,  or  the 
combination  for  8  weeks  to  further  explore  the  apoptotic  potential  of  the  c-Src  inhibitor  and  E2  on 
MCF-7:5C  cells.  Protein  levels  of  receptors  and  signaling  pathways  were  examined  by 
immunoblotting.  Expression  of  mRNA  was  detected  through  real-time  PCR.  Cell  cycles  were 
analyzed  by  flow  cytometry.  Long-term  treatment  with  PP2  alone  or  E2  alone  decreased  cell  growth. 
In  contrast,  a  combination  of  PP2  and  E2  blocked  apoptosis  and  the  resulting  cell  line  (MCF-7:PF) 
was  unique,  as  they  grew  vigorously  in  culture  with  physiological  levels  of  E2,  which  could  be 
blocked  by  the  pure  antiestrogen  ICI1 82,780.  One  major  change  was  that  PP2  collaborated  with  E2 
to  increase  the  level  of  insulin-like  growth  factor- 1  receptor  beta  (IGF-1RP).  Blockade  of  IGF-  I  Rfi 
completely  abolished  E2-stimulated  growth  in  MCF-7:PF  cells.  Furthermore,  combination  treatment 
up-regulated  transcription  factors  Twistl  and  Snail  and  repressed  E-cadherin  expression  which  made 
MCF-7:PF  cells  display  a  characteristic  phenotype  of  epithelial-mesenchymal  transition  (EMT). 
These  data  illustrate  the  role  of  the  c-Src  inhibitor  to  block  E2-induced  apoptosis  and  enhance  E2- 
stimulated  growth.  Caution  must  be  exercised  when  considering  c-Src  inhibitors  in  clinical  trials 
following  the  development  of  acquired  resistance  to  aromatase  inhibitors,  especially  in  the  presence 
of  the  patient’s  own  estrogen  (Task  2a). 

We  have  shown  that  estrogen  (E2)  induces  apoptosis  in  long-term  E2  deprived  breast  cancer 
cells  (MCF-7:5C)  through  stress  responses,  but  the  molecular  mechanism  underlying  E2-induced 
stress  remains  to  be  elucidated.  Here,  we  report  that  the  oncogene  c-Src  acts  as  an  important  adapter 
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protein  of  estrogen  receptor  (ER)  involved  in  stress  responses  induced  by  E2  in  MCF-7:5C  cells.  E2 
elevated  c-Src  phosphorylation  in  MCF-7:5C  cells  and  4-hydroxytamoxifen  (4-OHT)  blocked  this 
stimulation  which  suggested  that  E2  activated  c-Src  through  ER.  E2  activated  the  sensors  of  unfolded 
protein  response  (UPR)  inositol-requiring  protein  1  alpha  (IRE la)  and  PRK-like  endoplasmic 
reticulum  kinase  (PERK)/eukaryotic  translation  initiation  factor-2a  (eIF2a).  The  indicator  of 
oxidative  stress,  heme  oxygenase  1  gene  (HMOX1),  was  dramatically  up-regulated  by  E2.  Further 
examination  showed  that  E2  significantly  increased  reactive  oxygen  species  (ROS)  production  in 
MCF-7:5C  cells.  And  the  energy  stress  sensor  adenosine  monophosphate  (AMP)-activated  protein 
kinase  (AMPK)  was  activated  by  E2.  The  specific  inhibitor  of  c-Src,  PP2,  was  able  to  abolish  the 
phosphorylation  of  eIF2a  and  AMPK  and  reduced  the  production  of  ROS  induced  by  E2.  Therefore, 
PP2  blocked  E2-induced  apoptosis,  which  was  confirmed  by  knockdown  of  c-Src  with  a  specific 
small  interferon  RNA.  All  of  these  data  illustrate  that  c-Src  functions  as  a  critical  transducer  in  E2- 
initiated  endoplasmic  reticulum  stress  and  oxidative  stress  which  trigger  apoptotic  cascades  in  MCF- 
7:5C  cells.  This  study  provides  an  important  rationale  for  further  exploration  of  the  stress  responses 
in  endocrine  resistant  breast  cancer  to  improve  clinical  benefit  (Task  2b). 

Overall,  we  have  shown  that  estrogen-induced  apoptosis  of  MCF7:5C  cells  is  mediated  by 
ER-stress  and  UPR.  PERK  mediated  eIF2a  phosphorylation  is  the  key  pathway  by  which  it  activates 
the  apoptotic  signaling.  Moreover,  pharmacological  intervention  which  increases  the  phosphorylated 
status  of  eIF2a,  is  sufficient  to  induce  apoptosis  in  the  MCF7:5C  cells.  We  have  also  studied  the 
downstream  effectors  of  this  pathway  and  determined  that  ATF4,  CHOP  and  BIM  play  important 
roles  in  implementing  the  ER-stress  mediated  apoptosis  in  these  cells  (Task  2c) 

Development  of  resistance  to  existing  endocrine-therapies  in  estrogen  receptor  alpha  positive 
(ERa  +)  breast  cancers  is  the  major  obstacle  for  maintaining  efficacy  of  targeted  therapy.  Recent 
clinical  studies  have  indicated  over-expression  of  cMYC  oncogene  is  associated  with  aromatase 
inhibitor  (AI)  resistant  breast  cancers.  To  understand  the  mechanisms  involved  in  acquiring 
resistance  we  investigated  the  significance  of  cMYC  over-expression  in  an  endocrine-therapy 
resistant  breast  cancer  cell  model,  MCF7:5C  cells,  which  have  been  cultured  long-term  in  estrogen- 
deprived  media.  Compared  to  the  parental  counterpart  MCF7  cells,  cMYC  mRNA  and  protein  was  3 
fold  over-expressed  in  MCF7:5C  cell,  which  was  found  to  be  driving  the  estrogen-independent 
growth  of  these  cells.  Further  investigation  suggested  transcriptional  de-regulation  of  cMYC  gene 
was  responsible  for  its  over-expression  in  the  MCF7:5C  cells.  Chromatin  immuno-precipitation 
assay  revealed  markedly  higher  recruitment  of  phosphorylated  serine-2  carboxy-terminal  domain 
(CTD)  of  RNA  polymerase-II  at  the  proximal  promoter  of  cMYC  gene  in  MCF7:5C  cells  as 
compared  to  its  parental  cells.  The  level  of  phospho-CDK9,  a  factor  responsible  for  phosphorylation 
of  serine-2  of  RNA  polymerase  II  CTD,  was  found  to  be  elevated  in  MCF7:5C  cells. 
Pharmacological  inhibition  of  CDK9  not  only  reduced  the  transcripts  and  the  protein  levels  of 
cMYC  in  MCF7:5C  cells  but  also  selectively  inhibited  its  growth.  This  study  describes  the 
molecular  events  involved  in  the  transcriptional  over-expression  of  cMYC  gene  in  Al-resistant 
breast  cancer  cells  and  identifies  CDK9  as  a  potential  novel  drug  target  for  therapeutic  intervention 
in  endocrine-resistant  breast  cancers  (Task  2d). 

Estrogen  receptor  alpha  (ERa)  binds  to  different  ligand  which  can  function  as  complete  / 
partial  estrogen-agonist  or  antagonist.  This  depends  on  the  chemical  structure  of  the  ligands  which 
modulates  the  transcriptional  activity  of  the  estrogen-responsive  genes  by  altering  the  conformation 
of  the  liganded-ERa  complex.  This  study  determined  the  molecular  mechanism  of  estrogen-agonistic 
/  antagonistic  action  of  structurally  similar  ligands,  bisphenol  (BP)  and  bisphenol-A  (BPA)  on  cell 
proliferation  and  apoptosis  of  ERa+ve  breast  cancer  cells.  DNA  was  measured  to  assess  the 
proliferation  and  apoptosis  of  breast  cancer  cells.  RT-  PCR  and  ChIP  assays  were  performed  to 
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quantify  the  transcripts  of  TFF1  gene  and  recruitment  of  ERa  and  SRC3  at  the  promoter  of  TFF1 
gene,  respectively.  Molecular  docking  was  used  to  delineate  the  binding  modes  of  BP  and  BPA  with 
the  ERa.  PCR-based  arrays  were  used  study  the  regulation  of  the  apoptotic  genes.  BP  and  BPA 
induced  the  proliferation  of  breast  cancer  cells,  however,  unlike  BPA,  BP  failed  to  induce  apoptosis. 
BPA  consistently  acted  as  an  agonist  in  our  studies  but  BP  exhibited  mixed  agonistic/antagonistic 
properties.  Molecular  docking  revealed  agonistic  and  antagonistic  mode  of  binding  for  BPA  and  BP 
respectively.  BPA  treatment  resembled  E2  treatment  in  terms  of  PCR  based  regulation  of  apoptotic 
genes  whereas  BP  was  similar  to  40HT  treatment.  The  chemical  structure  of  ERa  ligand  determines 
the  agonistic  or  antagonistic  biological  responses  by  the  virtue  of  their  binding  mode,  conformation 
of  the  liganded-ERa  complex  and  the  context  of  the  cellular  function. 

The  administration  of  high  dose  synthetic  estrogens  was  the  first  successful  chemical  therapy 
used  in  the  treatment  of  metastatic  breast  cancer  in  postmenopausal  women  and  this  approach 
became  the  standard  of  care  in  postmenopausal  women  with  metastatic  breast  cancer  between  1950s 
and  the  end  of  the  1970s.  The  most  recent  analysis  of  the  Women’s  Health  Initiative  estrogen  alone 
trial  in  hysterectomised  women  revealed  a  persistent  significant  decrease  in  the  incidence  of  breast 
cancer  as  well  as  breast  cancer  mortality.  Although  estrogens  are  known  to  induce  proliferation  of 
breast  cancer  cells,  we  have  shown  that  physiologic  concentrations  induce  apoptosis  in  long  term 
estrogen  deprived  breast  cancer  cells.  We  have  developed  laboratory  models  that  illustrate  the  new 
biology  of  estrogen  induced  apoptosis  or  growth  to  explain  the  effects  of  estrogen  replacement 
therapy.  The  key  to  the  success  of  estrogen  therapy  lies  in  a  sufficient  period  of  withdrawal  of 
physiological  estrogens  (5-10years)  and  the  subsequent  regrowth  of  nascent  breast  tumor  cells  that 
survive  under  estrogen  deprived  conditions.  These  nascent  tumors  are  now  vulnerable  to  estrogen 
induced  apoptosis. 

The  clinical  basis  for  the  use  of  physiologic  estrogen  treatment  of  metastatic  anti  hormone 
resistant  breast  tumors  is  based  on  laboratory  studies  which  show  that  resistance  to  long-  term 
antihormone  breast  cancer  therapy  evolves  over  5  years.  Taxanes  have  been  used  extensively  in  the 
treatment  of  early  and  advanced  breast  cancer  and  play  an  active  role  in  the  survival  of  breast  cancer 
patients.  We  have  interrogated  the  sequence  of  events  that  involve  the  apoptotic  signaling  pathway 
induced  by  estradiol  (E2)  in  comparison  to  paclitaxel.  Cell  culture  studies  show  estrogen  induced 
apoptosis  to  be  a  slow  process,  while  paclitaxel  rapidly  inhibits  the  growth  and  induces  death  of  long 
term  estrogen  deprived  MCF7  cells  (MCF7:5C).  Using  4-hydroxytamoxifen  to  block  E2  induced 
apoptosis  at  different  times,  we  established  that  the  cellular  commitment  for  E2  triggered  apoptosis 
occur  only  after  24  h.  Activation  of  the  intrinsic  pathway  was  observed  by  36h  of  E2  treatment  with 
subsequent  induction  of  the  extrinsic  apoptotic  pathway  by  48h.  Apoptosis  was  induced  by  paclitaxel 
exclusively  through  the  extramitochodrial  pathway  and  caused  rapid  G2/M  blockade  by  12  h  of 
treatment.  By  contrast,  E2  causes  an  initial  proliferation,  then  apoptosis  of  the  MCF7:5C  cells.  These 
data  indicate  that  E2  induced  apoptosis  involves  a  novel,  multidynamic  process  that  is  distractedly 
different  from  that  of  a  classic  cytotoxic  chemotherapeutic  drug  used  in  breast  cancer  (Task  2e). 

We  have  created  LTED  breast  cancer  cell  lines  and  for  the  first  time,  described  the 
mechanism  of  estrogen-induced  apoptosis.  This  new  biology  of  estrogen  induced  apoptosis  and  can 
be  now  used  to  explain  the  effects  of  ET  in  reducing  breast  cancer  incidence  and  mortality  for 
women  in  the  60s  (Task  2f). 

The  cis  and  trans  isomers  of  the  tested  metabolites  of  tamoxifen  have  different  estrogenic 
properties  in  wild  type  breast  cancer  cells.The  cis  and  trans  isomers  of  the  tested  compounds  have  a 
different  ability  to  induce  estrogen-induced  apoptosis  and  with  a  different  timecourse  (delayed 
apoptosis),  when  compared  to  estradiol  in  antiestrogen  resistant  breast  cancer  cells.  The  tested 
compounds  with  various  structures  were  evaluated  for  their  estrogenic/antiestrogenic  properties  in 
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human  breast  cancer  cell  lines  to  induce  growth  or  estrogen-induced  apoptosis.  The  compounds 
properties  were  evaluated  using  a  DNA  cell  proliferation  assay.  The  results  of  the  assays 
demonstrate  that  there  is  a  different  biology  of  the  isomers  of  the  same  antiestrogen  FR40HT  and 
that  the  conformation  of  the  ER  that  is  dictated  by  the  structure  of  the  ligand  is  crucial  in  inducing 
apoptosis  in  hormone  independent  breast  cancer  cells.  Further  experiments  are  needed  to  confirm  the 
hypothesis  (Task  2g). 

The  oncogene  nuclear  receptor  coactivator  amplified  in  breast  cancer  1  (AIB1)  is  a 
transcriptional  coactivator  that  is  overexpressed  in  various  types  of  human  cancers.  However,  the 
molecular  mechanisms  controlling  AIB1  expression  in  the  majority  of  cancers  remain  unclear.  In 
this  study, we  identified  a  novel  interacting  protein  of  AIB1,  forkhead-box  protein  G1  (FoxGl), 
which  is  an  evolutionarily  conserved  forkhead-box  transcriptional  corepressor.  We  show  that  FoxGl 
expressionis  low  in  breast  cancer  cell  lines,  and  that  low  levels  of  FoxGl  are  correlated  with  a  worse 
prognosis  in  breast  cancer.  We  also  demonstrate  that  transient  overexpression  of  FoxGl  can  suppress 
endogenous  levels  of  AIB1  mRNA  and  protein  in  MCF-7  breast  cancer  cells.  Exogenously 
expressed  FoxGl  in  MCF-7  cells  also  leads  to  apoptosis  that  can  be  rescued  in  part  by  AIB1 
overexpression.  Using  chromatin  immunoprecipitation  (ChIP),  we  determined  that  FoxGl  is 
recruited  to  a  region  of  the  AIB1  gene  promoter  previously  characterized  to  be  responsible  for  AIB1- 
induced,  positive  auto-regulation  of  transcription  through  the  recruitment  of  an  activating, 
multiprotein  complex,  involving  AIB1,  E2F1  and  Spl.  Increased  FoxGl  expression  significantly 
reduces  the  recruitment  of  AIB1,  E2F1  and  p300  to  this  region  of  the  endogenous  AIB1  gene 
promoter.  Our  data  imply  that  FoxGl  can  function  as  a  pro-apoptotic  factor  in  part  through 
suppression  of  AIB 1  coactivator  transcription  complex  formation,  thereby  reducing  the  expression  of 
the  AIB1  oncogene  (Task  3a). 

Dr.  Heather  Cunliff  earlier  completed  the  CGH  for  MCF-7: WS8  (estrogen  deprived),  MCF- 
7:5C  and  MCF-7:2A  (two  estrogen  deprived  clones  that  grow  spontaneously).  Results  for  these 
studies  were  presented  as  an  oral  presentation  by  Dr.  Cunliff  in  2007  at  the  Era  of  Hope  Meeting  in 
Baltimore.  Dr.  Cunliff  has  now  completed  the  Agilent  gene  array  for  MCF-7:2A  and  MCF-7:5C 
hybridized  against  MCF-7:WS8  (estrogen  deprived)  RNAs.  These  data  will  be  amalgamated  with 
the  prior  CGH  data  and  are  currently  being  prepared  for  publication. 

We  have  discovered  that  long-term  treatment  of  MCF-7:5C  cells  with  physiologic  estrogen  and 
the  c-Src  inhibitor,  PP2,  results  in  the  inhibition  of  estrogen-induced  apoptosis  causes  the  evolution 
of  a  new  cell  population  that  is  ER  positive,  PgR  positive,  and  now  grows  in  response  to  a  panel  of 
SERMs.  This  new  observation  is  currently  being  developed  and  interrogated  in  the  laboratory,  as  this 
is  the  first  time  that  there  has  been  any  report  of  a  SERM  stimulated  cell  in  culture.  As  a  first  step, 

Dr.  Heather  Cunliff  has  worked  with  Dr.  Ping  Fan  to  created  an  Agilent  gene  array  database 
mapping  the  pathways  for  estrogen  stimulated  growth  or  SERM  stimulated  growth.  It  is  clear  that 
the  complex  survival  networks  can  rapidly  produce  new  clones  of  cells  to  subvert  antihormone 
therapy  and  reverse  apoptosis  into  cell  growth  (Task  4a). 

Our  future  plans  for  the  no  cost  extension  will  complete  our  original  plan  for  deciphering  the 
molecular  mechanism  (mechanisms)  of  estrogen-induced  apoptosis.  Our  unique  team  has  built  on 
our  strengths  and  we  are  now  poised  to  interrogate  the  models  and  move  rapidly  towards  ublication. 
We  are  the  leaders  in  this  area.  It  is  important  to  stress  that  our  data  was  used  to  obtain  grants  from 
other  sources  (SU2C,  Susan  G.  Komen  For  The  Cure).  This  enhances  our  capacity  for  interaction 
with  the  best  breast  cancer  research  scientists  in  the  world. 
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Objectives.  Cell  lines  derived  from  human  ovarian  and  endometrial  cancers,  and  their  immortalized  non- 
malignant  counterparts,  are  critical  tools  to  investigate  and  characterize  molecular  mechanisms  underlying 
gynecologic  tumorigenesis,  and  facilitate  development  of  novel  therapeutics.  To  determine  the  extent  of  mis¬ 
identification,  contamination  and  redundancy,  with  evident  consequences  for  the  validity  of  research  based 
upon  these  models,  we  undertook  a  systematic  analysis  and  cataloging  of  endometrial  and  ovarian  cell  lines. 

Methods.  Profiling  of  cell  lines  by  analysis  of  DNA  microsatellite  short  tandem  repeats  (STR),  p53  nucleo¬ 
tide  polymorphisms  and  microsatellite  instability  was  performed. 

Results.  Fifty-one  ovarian  cancer  lines  were  profiled  with  ten  found  to  be  redundant  and  five  (A2008, 
OV2008,  Cl 3,  SK-OV-4  and  SK-OV-6)  identified  as  cervical  cancer  cells.  Ten  endometrial  cell  lines  were  ana¬ 
lyzed,  with  RL-92,  HEC-1A,  HEC-1B,  HEC-50,  KLE,  and  AN3CA  all  exhibiting  unique,  uncontaminated  STR  pro¬ 
files.  Multiple  variants  of  Ishikawa  and  ECC-1  endometrial  cancer  cell  lines  were  genotyped  and  analyzed  by 
sequencing  of  mutations  in  the  p53  gene.  The  profile  of  ECC-1  cells  did  not  match  the  EnCa-101  tumor,  from 
which  it  was  reportedly  derived,  and  all  ECC-1  isolates  were  genotyped  as  Ishikawa  cells,  MCF-7  breast  can¬ 
cer  cells,  or  a  combination  thereof.  Two  normal,  immortalized  endometrial  epithelial  cell  lines,  HES  cells  and 
the  hTERT-EEC  line,  were  identified  as  FleLa  cervical  carcinoma  and  MCF-7  breast  cancer  cells,  respectively. 

Conclusions.  Results  demonstrate  significant  misidentification,  duplication,  and  loss  of  integrity  of  endo¬ 
metrial  and  ovarian  cancer  cell  lines.  Authentication  by  STR  DNA  profiling  is  a  simple  and  economical  method 
to  verify  and  validate  studies  undertaken  with  these  models. 

©  2012  Elsevier  Inc.  All  rights  reserved. 


Introduction 

Cell  lines,  immortalized  from  normal  human  tissues  or  derived  from 
tumors,  are  widely  used  models  to  address  molecular  mechanisms  un¬ 
derlying  the  physiology  and  pathology  of  the  female  reproductive  tract, 
and  to  evaluate  novel  therapeutics  or  preventive  strategies  [1-3].  Veri¬ 
fication  of  the  provenance  and  integrity  of  such  cell  lines  is  clearly  of 
paramount  importance,  but  historically,  has  rarely  been  undertaken 
by  investigators.  The  problem  of  cross-contamination,  identified  and 
characterized  by  examination  of  isozyme  patterns,  karyotyping,  and  cy¬ 
togenetics,  dates  back  to  the  establishment  of  the  prototypical  HeLa  cell 
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line  in  culture  in  1951  and  remains  a  significant  concern  [4-7].  Over 
one-third  (18-50%)  of  cell  lines  may  be  mixtures,  misidentified  or 
intra-species  contaminants  [2,8-15].  Furthermore,  there  are  many  exam¬ 
ples  of  redundancy  among  reportedly  unique  cell  lines,  and  instances  of 
contamination  during  original  derivations,  such  that  the  intended 
novel  cell  line  was  never  established  [5,10,16-19].  Thus,  it  is  evident 
that  authentication  of  cell  line  origins  and  integrity  is  crucial  to  validate 
results  and  conclusions  obtained  using  these  model  systems. 

Short  tandem  repeat  (STR)  profiling  or  ‘DNA  fingerprinting’  iden¬ 
tifies  variants  in  tetranucleotide  microsatellite  loci  on  multiple  human 
chromosomes  and  is  the  accepted  international  standard  for  genetic 
analysis  of  cell  lines  for  authentication  by  comparison  to  established 
STR  databases  [20-24]. 

A  comprehensive  analysis  of  cell  lines  commonly  used  in  the  study 
of  ovarian  and  endometrial  cancer  had  not  been  undertaken,  particular¬ 
ly  with  respect  to  those  cell  lines  not  obtained  from  established  cell  re¬ 
positories.  We  used  STR  profiling,  sequencing  of  p53  mutations,  and 
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human  papilloma  virus  screening  to  examine  cell  lines  of  purported 
ovarian  and  endometrial  origins.  We  observed  examples  of  cross¬ 
contamination,  misidentification  of  lines  and/or  tissue  of  origin,  and  re¬ 
dundancy  among  established  cancer  cells,  and  found  evidence  that  im¬ 
mortalized  normal  endometrial  epithelial  cell  lines  are  genetically 
identical  to  previously  established  cervical  and  breast  cancer  cells.  We 
provide  reference  DNA  profiles  for  women's  cancer  cell  lines  that  are 
not  currently  in  public  cell  banks  and  extend  the  number  of  loci  for  pro¬ 
files  currently  available  through  central  repositories. 

Materials  and  methods 

DNA  isolation  and  STR  profiling 

Cell  lines  were  grown  in  appropriate  specific  standard  media.  Geno¬ 
mic  DNA  was  isolated  from  0.5  to  5  x  1 06  cells  using  a  Zymo  Research  ZR 
genomic  DNA  II  kit  and  quantified  by  gel  electrophoresis  and  ethidium 
bromide  staining  by  comparison  to  a  DNA  mass  ladder.  Multiplex  PCR 
amplified  products  were  generated  using  1-2  ng  of  genomic  DNA 
with  an  Applied  Biosystems  Identifier  kit  and  ABI  3730  capillary  se¬ 
quencer  as  described  [2,18].  STR  loci  were  analyzed  with  Gene  Mapper 
4.0.  Profiles  were  compared  to  published  reports  [22,25],  consolidated 
(ATCC,  DSMZ,  JCRB  and  RIKEN)  databases,  and  an  in-house  database, 
using  a  custom  search  algorithm  designed  to  facilitate  comparison  of 
cell  lines  with  related  profiles  and  identify  individual  cell  lines  in  a  mix¬ 
ture  (C.  Korch  and  J.  West,  Vanderbilt  University,  unpublished).  STR 
profiles  of  the  ovarian  and  endometrial  cancer  cells  analyzed  in  this 
study  are  available  online  at  http://DNAsequencingcore.UCDenver.edu. 

TP53  sequence  analysis  and  microsatellite  instability  assays 

PCR  amplification  was  used  to  generate  overlapping  products  span¬ 
ning  the  Variable  Number  Tandem  Repeat  (VNTR;  a  pentanucleotide  re¬ 
peat  of  A4T)  in  intron  1,  through  the  protein  encoding  exons  2-11, 
including  intervening  introns  2-8  and  10  [26].  Sequencing  primers 
and  p53  gene  structure  are  shown  in  Fig.  SI.  DNAs  were  screened  for 
microsatellite  instability  [27]  using  Promega  MSI  analysis  system  ver¬ 
sion  1.2  according  to  the  manufacturers'  protocol. 

HPV  testing 

Aliquots  of  cells  were  placed  into  ThinPrep  (Hologic)  solution. 
DNA  was  isolated  and  tested  in  the  University  of  Colorado  Hospital  Clini¬ 
cal  Laboratory  using  the  hybrid  capture  PCR,  Digene  HC2  High  Risk  HPV 
test  (Qiagen). 

Ovarian  and  endometrial  cell  lines 

We  obtained  cell  lines  from  multiple  institutions  in  the  United  States, 
Europe  and  Japan,  including,  where  possible,  the  originating  laborato¬ 
ries.  Multiple  independent  samples  of  the  earliest  available  passages 
from  each  institution  were  analyzed  and,  if  available,  profiles  of  each  in¬ 
dividual  cell  line  were  compared  from  several  sources.  Ovarian  cancer 
cell  lines  are  listed  in  Table  SI.  Ishikawa  cells  were  obtained  from 
Dr.  K.K.  Leslie  (University  of  Iowa),  Dr.  B.A.  Lessey  (Greenville  Hospital 
System,  SC),  Dr.  M.  Brown  (Dana  Farber  Cancer  Institute,  Harvard  Uni¬ 
versity)  and  Drs.  H.  Philpott  and  P.  Thraves  (European  Collection  of 
Cell  Cultures,  ECACC).  ECC-1  cells  were  from  Drs.  B.A.  Lessey,  M.  Brown 
and  V.C.  Jordan  (Lombardi  Comprehensive  Cancer  Center,  Georgetown 
University).  EnCa-101  tumors  were  provided  by  Drs.  V.C.  Jordan  and 
G.  Balburski  (Fox  Chase  Cancer  Center).  HES  cells  were  from  Dr.  D. 
Kniss  (Ohio  State  University)  and  hTERT-EEC  cells  from  Dr.  T. 
Klonisch  (University  of  Manitoba,  Canada).  KLE  and  HEC-50  cells 
were  from  Dr.  K.K.  Leslie.  RL-95-2,  HEC-1A,  HEC-1B  and  AN3CA 
cells  were  from  the  American  Type  Culture  Collection  (ATCC,  Manassas, 
VA). 


Results 

Analysis  of  endometrial  cancer  cell  lines 

Endometrial  carcinomas  are  derived  from  glandular  epithelium 
and  are  typically  divided  into  two  subtypes  based  on  clinical,  histo¬ 
logical  and  molecular  characteristics  [28-30].  Cell  lines  derived  from 
type  I  (Ishikawa,  ECC-1  and  RL-95-2)  and  type  II  (HEC-1,  HEC-50, 
KLE  and  AN3CA)  tumors  have  been  widely  used  as  models  to  investi¬ 
gate  molecular  genetics  and  mechanisms  underlying  their  develop¬ 
ment,  progression  and  response  to  therapeutics  [31-35]. 

HEC-1  B  cells,  the  first  to  be  derived  from  a  human  endometrial 
carcinoma  [32,36,37],  exhibited  a  unique  profile  (Table  S3).  HEC-1A, 
derived  from  the  same  patient,  cells  are  predominantly  diploid,  while 
the  HEC-1  B  line  is  tetraploid  [38,39].  HEC-50  cells  [38,40],  also  have  a 
unique  profile  consistent  with  that  on  file  with  the  Japanese  Collection 
of  Research  Bioresources  (JCRB:  1145). 

Similarly,  KLE  (CRL-1622)  and  AN3CA  (HTB-111)  cells,  originating 
from  peritoneal  and  lymph  node  metastases,  respectively  [34,41,42], 
and  RL-95-2  cells  (CRL-1671 )  derived  from  a  moderately  differentiated 
(Grade  2)  endometrial  adenosquamous  carcinoma  [35],  all  have  STR 
profiles  consistent  with  those  reported  by  the  ATCC  (Table  S3). 

Ishikawa  cells  were  established  from  the  epithelial  component  of  a 
moderately  differentiated,  stage  2,  endometrial  adenocarcinoma  [43,44]. 
At  least  three  variants  of  Ishikawa  cells,  the  original  line,  3-H-4  and  3-H- 
12,  differing  in  their  reported  degree  of  differentiation,  relative  expres¬ 
sion  of  estrogen  (ER)  and  progesterone  (PR)  receptors,  growth  and 
colony  formation  rates,  were  distributed  to  investigators  [45]. 

We  profiled  multiple  isolates  of  the  original  Ishikawa  cells  and 
3-H-12  variants  obtained  from  a  number  of  laboratories  as  detailed 
in  the  Materials  and  methods  section.  Samples  with  unique  pro¬ 
files,  which  may  represent  the  3-H-4  variant  based  upon  their  date 
of  origin  are  designated  ‘3-H-4’.  The  results  are  summarized  in 
Table  1. 

Overall  the  Ishikawa  cell  lines  exhibit  very  similar  profiles,  indicative 
of  their  origin  from  the  same  patient.  Identical  alleles  were  present  at 
several  loci  (CSF1PO,  D5S818,  D16S539,  D21S11,  THOl  and  TPOX). 
Others  reflect  loss  or  gain  of  alleles  (D8S1179,  D13S317  and  FGA) 
or  alterations  in  the  number  of  repeats  (D2S1338,  D3S1358,  D19S433 
and  vWA).  At  the  D7S820  locus,  the  original  Ishikawa  isolate  exhibits 
8.3-  and  11 -repeat  alleles,  while  subsequent  sublines  display  9-  or 
10-repeats.  The  D18S51  locus  was  found  to  be  highly  polymorphic  in 
most  Ishikawa  lines. 

Minor  differences  in  the  number  of  repeats  at  certain  loci  are  con¬ 
sistent  with  the  known  microsatellite  instability  (MSI)  of  these  lines, 
due  to  mutations  in  mismatch  repair  systems  [46-48],  and  suggest  that 
these  variants  arose  by  genetic  drift  between  different  clonal  isolates 
over  hundreds  of  cell  passages.  Accordingly,  all  Ishikawa  cell  lines 
exhibited  high  variability/instability  at  microsatellite  loci  (Table  S2). 
Defective  mismatch  repair  also  underlies  allelic  variation  in  AN3CA 
cells  (Table  S3)  [49].  In  contrast,  EnCa-101  tumors  and  MCF-7  cells 
were  MSI  stable. 

We  also  profiled  a  variant  of  Ishikawa  cells  lacking  ER  [50].  Previous 
reports  implied  that  these  cells,  also  known  as  Ishikawa  B,  were  derived 
from  a  different  patient  [51,52].  The  STR  profile  of  ER-negative  Ishikawa 
cells  exhibits  minor  variations  from  other  Ishikawa  sublines  (Table  1), 
but  overlap  at  the  majority  of  loci  indicates  a  common  origin. 

A  second  type  1,  ER  and  PR  positive  cell  line,  ECC-1,  was  established 
from  a  grade  2,  well-differentiated,  endometrial  carcinoma  adenocarci¬ 
noma  [42,53,54].  The  line  was  derived  by  passage  of  the  tumor,  desig¬ 
nated  EnCa-101,  in  nude  mice  and  subsequent  isolation  of  PR  positive 
cells  from  an  epithelial  monolayer  culture  [42,55].  ECC-1  cells  were 
described  as  a  well-differentiated,  steroid  responsive  line  with  a  pheno¬ 
type  characteristic  of  luminal  surface  epithelium,  distinct  from  Ishikawa 
cells,  which  expressed  markers  of  glandular  endometrial  epithelium 
[33], 
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Table  1 

Summary  of  STR  profiles  of  Ishikawa  and  ECC-1  endometrial  cancer  cells  and  EnCa-101  tumor. 


Cell  line 

Amelogenin 

CSF1PO 

D2S1338 

D3S1358 

D5S818 

D7S820 

D8S1179 

D13S317 

D16S539 

D18S51 

D19S433 

D21S11 

FGA 

THOl 

TPOX 

vWA 

Ishikawa 

original 

X 

11,  12 

18,  20 

17,  18 

10,  11 

8.3,  11 

12,  16 

9,  12 

9 

14,  (19) 
20,21 

polymorphic 

12.2,  14 

28 

21 

9,  10 

8 

14, 

18 

Ishikawa 

‘3-H-4’ 

X 

11,  12 

19,  20 

16,  17 

10,  11 

9,  10 

12,  16 

9,  12 

9 

13,21,22 

12.2,  14 

28 

21, 

22 

9 

8 

14, 

17 

Ishikawa 

3-H-12 

X 

11,  12, 
(13) 

19,  20 

16,  17 

10,  11 

9,  10 

12,  13, 

16 

9,  12,  13 

9 

12,  19,  20 

13.2,  14 

28 

20, 

21 

9,  10 

8 

14, 

17 

Ishikawa 

3-H-12 

X 

11,  12 

20 

16,  17, 
(18) 

10, 11, 
(12) 

9,  10 

12,  (13), 
16 

9,  12 

9,(10) 

13,  20 

12.2,  14, 
(15) 

28 

21 

9,  10 
or  11 

8 

14, 

17 

or 

18 

Ishikawa 

ER  -ve 

X 

11,  13 

20 

16,  17 

10,  11 

9,  10 

12,  13, 

16 

9,  12 

8,9 

13,  19 

12.2,  14 

28 

20 

9,10 

8 

14, 

17 

Ishikawa, 
ECACC, 
this  report 

X 

11,12, 

(13) 

20 

15,  17 

10, 11, 
12 

9,  10 

12,  16 

9,  12,  13 

9 

13,  19,  (14, 
20) 

12.2,  14 

28 

21 

9,  10 

8 

14, 

17 

Ishikawa, 

ECACC 

X 

11,12 

NT 

NT 

10,  11 

9,  10 

NT 

9,  12 

9 

NT 

NT 

NT 

NT 

9,  10 

8 

14, 

17 

ECC-1 

X 

11,  12 

20 

16,  17 

10,  11 

9,  10 

13,  16 

9,  12, 

9 

12,  19 

12.2,  14 
or  15 

28 

21 

9,  10 

8 

14, 

17 

ECC-1  ATCC 
CRL-2923 

X 

11,  12 

NT 

NT 

10,  11 

9,  10 

NT 

9,  12 

9 

NT 

NT 

NT 

NT 

9,  10 

8 

14, 

17 

EnCa-101 

X 

13,  14 

23,  27 

15,21 

14,  15 

11.3, 

12 

18,21 

10,  13 

12,  13 

16 

13.2,  14 
or  15 

27,  30 

21 

9,  9.3 

8 

18, 

23 

Number  of  STRs  at  each  of  16  surveyed  loci.  Numbers  after  decimal  point  indicate  number  of  bases  in  an  incomplete  STR.  Commas  separate  allele  calls  for  multiple  peaks.  Alleles  in 
parenthesis  indicate  low  amplitude  peaks  suggesting  only  a  minor  fraction  of  the  cells  in  the  population  carry  that  allele.  ECACC:  DNA  profile  from  European  Collection  of  Cell  Cul¬ 
tures;  ATCC:  DNA  profile  from  American  Type  Culture  Collection.  NT:  locus  not  tested.  X:  only  the  amelogenin  allele  on  the  X  chromosome  was  detected. 


Upon  STR  and  MSI  analyses,  ECC-1  samples  exhibited  DNA  profiles 
essentially  identical  to  Ishikawa  3-H-12  cells  (Tables  1  and  S2).  In  ad¬ 
dition,  the  ATCC  profile  for  ECC-1  also  closely  matched  that  of  earlier 
Ishikawa  cells  on  file  with  the  European  Collection  of  Cell  Cultures 
(ECACC).  Other  ‘ECC-1’  cell  lines  were  found  to  be  identical  to  MCF-7 
breast  cancer  cells  or  consist  of  a  mixture  of  Ishikawa  and  MCF-7  cells 
(not  shown).  Unfortunately,  following  the  death  of  Dr.  Satyaswaroop, 
records  and  cell  lines  from  his  laboratory  were  lost  or  destroyed 
(Zaino,  R.  and  Lessey,  B.,  personal  communication).  Thus,  we  could 
not  obtain  reference  samples  of  the  original  ECC-1  line  or  EnCa-101 
tumor  from  which  it  was  purportedly  derived.  However,  the  EnCa-101 
tumor  has  been  continuously  maintained  in  mice  [56]  and  we  obtained 
and  analyzed  3  independent  samples.  Profiling  of  these  tumors  showed 
minor  variations,  but  results  indicated  that  they  were  derived  from  the 
same  human  patient.  In  contrast,  the  unique  EnCa-101  profiles  did  not 
match  ECC-1,  Ishikawa  or  MCF-7  cell  lines  (Table  1).  These  data  are  in¬ 
consistent  with  the  reported  origins  of  ECC-1  cells  and  suggest  that  the 
original  line  has  been  lost.  Our  results  show  that  currently  available 
ECC-1  cells  are  Ishikawa  cells,  MCF-7  breast  cancer  cells,  or  a  mixture 
of  both. 

Sequencing  ofp53  mutations  in  endometrial  cancer  cells 

To  confirm  the  apparent  equivalence  of  Ishikawa  and  ECC-1  cells, 
we  screened  for  p53  mutations  by  PCR  amplification  and  sequencing 
of  the  Variable  Number  Tandem  Repeat  (VNTR)  region  in  intron  1, 
and  the  protein  encoding  exons  and  introns  (Fig.  SI).  Table  2  lists 
the  observed  p53  mutations  and  SNPs  compared  to  the  reference/ 
normal  sequence. 

In  agreement  with  previous  reports  [31,57],  Ishikawa  original  and 
3-H-12  cells  harbor  a  Met  246  Val  mutation  in  exon  7.  These  two  lines 
are  also  homozygous  in  the  VNTR  region  with  8  repeats  of  A4T,  hetero¬ 
zygous  in  exon  4  for  the  Asp  49  Val  mutation  (nucleotide  G12069S), 
and  heterozygous  in  intron  10  for  deletion  of  the  seventh  T  in  a 
heptanucleotide  repeat  (17822delT).  The  original  Ishikawa  sample  has 
two  additional  heterozygous  mutations,  12724insA  (intron  4)  and 
13764delA  (intron  6),  which  are  not  present  in  the  3-H-12  line 
(Table  2). 


Possible  ‘3-H-4’  sublines  have  a  similar  profile,  but  lack  the 
intronic  12724insA  and  13764delA  mutations  of  poly  A  stretches,  pre¬ 
sent  in  the  original  Ishikawa  lines  (Table  2).  An  additional  heterozy¬ 
gous  mutation  in  intron  4  (G12299K  (G  +  T))  was  detected  in  some 
Ishikawa  3-H-12  sublines.  Interestingly,  consistent  with  their  closely 
matched  STR  profiles,  the  ER-negative  Ishikawa  cells,  despite  their 
purported  distinct  origin,  exhibit  TP53  mutations  identical  to  Ishikawa 
3-H-12  and  ‘3-H-4’  (not  shown).  TP53  mutations  unique  to  the  original 
Ishikawa  lines  are  insertions  or  deletions  in  homopolymer  A  or  T 
stretches,  which  are  consistent  with  microsatellite  instability  due  to 
mutations  in  the  mismatch  repair  system  [46]. 

In  agreement  with  their  identical  STR  profiles,  ECC-1  cells  show 
the  same  TP53  mutations  as  Ishikawa  3-H-12  lines,  further  evidence 
that  ECC-1  cells  are  misidentified  Ishikawa  cells.  In  contrast,  EnCa-101 
tumors  have  completely  different  TP53  mutations  from  the  Ishikawa 
and  ECC-1  lines  (Table  2),  again  demonstrating  that  ECC-1  cells  are 
not  derived  from  the  EnCa-101  tumor.  ‘ECC-1’  cells  shown  to  be  con¬ 
taminated  with  or  identical  to  MCF-7  cells  were  not  subjected  to  TP53 
analysis. 

Finally,  our  data  suggest  that  only  one  copy  of  the  p53  gene  is 
expressed  in  Ishikawa  cells.  In  the  genomic  DNA,  both  the  A14063R 
(A  +  G)  and  G12069S  (G  +  C)  positions  are  heterozygous.  However, 
only  the  14063G  mutation  is  present  in  the  cDNA  sequence  [31,57], 
suggesting  that  the  G12069C  mutation  is  in  the  unexpressed  copy  of 
the  gene. 

Analysis  of  normal  endometrial  epithelial  cells 

Immortalized,  non-transformed  endometrial  epithelial  cells  are  a 
potentially  valuable  resource  to  investigate  normal  uterine  physiology 
and  tumorigenesis.  We  profiled  two  such  lines,  human  endometrial 
(HES)  cells  [58]  and  hTERT-EEC  [59],  obtained  from  their  developers, 
which  have  been  extensively  used  as  models  of  normal  endometrium. 
Neither  cell  line  was  authenticated  as  they  exhibited  DNA  profiles 
corresponding  to  HeLa  and  MCF-7  cancer  cells,  respectively. 

HES  cells  were  established,  in  1 989,  from  a  primary  culture  of  benign 
proliferative  endometrium,  which  apparently  underwent  spontaneous 
transformation  after  serial  passage  [58,60].  Profiling  of  these  cells 


244 


C.  Korch  et  al.  /  Gynecologic  Oncology  127  (2012)  241-248 


Table  2 

Summary  of  TP53  mutations  and  single  nucleotide  polymorphisms  (SNPs). 


TP53  reference  sequence 

Ishikawa  original 

Ishikawa  ‘3-H-4’ 

Ishikawa  3-H-12 

Ishikawa  3-H-12 

ECC-1 

EnCa-101  tumor 

Intron  1 :  VNTR  A4T  repeats 

Homozygous 

Homozygous 

Homozygous 

Homozygous 

Homozygous 

Heterozygous 

8  repeats 

8  repeats 

8  repeats 

8  repeats 

8  repeats 

7  and  9  repeats 

Exon  4:  G12069 

Heterozygous 

Heterozygous 

Heterozygous 

Heterozygous 

Heterozygous 

Asp  49 

Intron  4: 

G12299 

Intron  4: 

Poly  A7 

12718-12724 

Intron  5: 

G12786 

Intron  5: 

C13253 

Intron  6: 

G13642 

Intron  6: 

Poly  A9 

13756-13764 

G12069S 

Asp49His 

Heterozygous 

12724insA 

Poly  Ay/A  8 

Heterozygous 

13764delA 

Poly  Ag/A  8 

G12069S 

Asp49His 

G12069S 

Asp49His 

Heterozygous 

G12299K 

G12069S 

Asp49His 

G12069S 

Asp49His 

Homozygous 

G12786T 

SNP 

Heterozygous 

C13253Y 

SNP 

Heterozygous 

G13462K 

SNP 

Exon  7: 

Heterozygous 

Heterozygous 

Heterozygous 

Heterozygous 

Heterozygous 

A14063 

A14063R 

A14063R 

A14063R 

A14063R 

A14063R 

Met246 

Met246Val 

Met246Val 

Met246Val 

Met246Val 

Met246Val 

Intron  10: 

Heterozygous 

Heterozygous 

Heterozygous 

Heterozygous 

Heterozygous 

Homozygous/Hemizygous 

Poly  T7 

17822delT 

17822delT 

17822delT 

17822delT 

17822delT 

Poly  T7 

17816-17822 

Poly  T7/T6 

Poly  T7/T6 

Poly  T7/T6 

Poly  T7/T6 

Poly  T7/T6 

Tumor  protein  p53  (TP53)  genomic  DNA,  from  multiple  independent  samples  of  each  cell  line,  was  sequenced  as  described  in  the  Materials  and  methods  section.  The  normal  ref¬ 
erence  normal  is  GenBank  HSP53G,  a.k.a.  X54156,  which  is  used  by  the  International  Agency  for  Research  on  Cancer  IARC  (http://www-p53.iarc.fr).  A  blank  cell  in  the  table  indicates 
the  DNA  sequence  that  matches  the  reference/normal  sequence.  VNTR:  Variable  Number  Tandem  Repeat.  Symbols  —  I<:  G  and  T;  R:  A  and  G;  S:G  and  C;  Y:C  and  T;  del:  nucleotide 
deletion:  ins:  nucleotide  insertion. 


(Table  3)  indicated  that  they  are  identical  at  all  loci  to  HeLa  cervical  car¬ 
cinoma  cells,  specifically  the  HeLaS3  variant.  HES  cells  are  also  identical 
to  WISH  cells,  a  cell  line  originally  described  as  derived  from  human 
amnion  [61]  but  subsequently  also  identified  as  HeLa  [7,62,63].  These 
results  were  independently  confirmed  by  the  STR  fragment  analysis 


facility  at  Johns  Hopkins  University  (D.  Kniss,  Ohio  State  University; 
personal  communication). 

hTERT-EECs  were  isolated  from  normal  proliferative  phase  endo¬ 
metrial  epithelium  and  immortalized  by  stable  transfection  with  the 
catalytic  subunit  of  human  telomerase  (hTERT)  [59].  Replicate  STR 


Table  3 

Summary  of  STR  profiles  of  normal  immortalized  endometrial  epithelial  cells. 


Cell  line 

Amelogenin 

CSF1PO 

D2S1338 

D3S1358 

D5S818 

D7S820 

D8S1179 

D13S317 

D16S539 

D18S51 

D19S433 

D21S11 

FGA 

THOl 

TPOX 

vWA 

hTERT-EEC-B37 

X 

10 

21,23 

16 

11,  12 

8,9 

10,  14 

11 

11,  12 

14 

13,  14 

30 

23, 

25 

6 

9,  12 

14, 

15 

hTERT-EEC-15 

X 

10 

21,23 

16 

11,  12 

8,9 

10,  14 

11 

11,  12 

14 

13,  14 

30 

23, 

25 

6 

9,  12 

14, 

15 

hTERT-EEC-17 

X 

10 

21,23 

16 

11,  12 

8,9 

10,  14 

11 

11,  12 

14 

13,  14 

30 

23, 

25 

6 

9,  12 

14, 

15 

hTERT-EEC-38 

X 

10 

21,23 

16 

11,  12 

8,9 

10,  14 

11 

11,  12 

14 

13,  14 

30 

23, 

25 

6 

9,  12 

14, 

15 

hTERT-EEC-49 

X 

10 

21,23 

16 

11,  12 

8,9 

10,  14 

11 

11,  12 

14 

13,  14 

30 

23, 

25 

6 

9,  12 

14, 

15 

MCF-7  (HTB-22) 
this  report 

X 

10 

21,23 

16 

11,  12 

8,9 

10,  14 

11 

11,  12 

14 

13,  14 

30 

23, 

25 

6 

9,  12 

14, 

15 

MCF-7  NCI-60 

X 

10 

21,23 

16 

11,  12 

8,9 

10,  14 

11 

11,  12 

14 

13,  14 

30 

23, 

25 

6 

9,  12 

14, 

15 

MCF-7  ATCC 
(HTB-22) 

X 

10 

NT 

NT 

11,  12 

8,9 

NT 

11 

11,  12 

NT 

NT 

NT 

NT 

6 

9,  12 

14, 

15 

HES 

X 

9,  10 

17 

15,  18 

11,  12 

8,  12 

12,  13 

13.3 

9,  10 

16 

13,  14 

27,  28 

21 

7 

8,  12 

16, 

18 

HeLa  this  report 

X 

9,  10 

17 

15,  18 

11,  12 

8,  12 

12,  13 

12,  13.3 

9,  10 

16 

13,  14 

27,  28 

18, 

21 

7 

8,  12 

16, 

18 

HeLa  ATCC 
(CCL-2) 

X 

9,  10 

NT 

NT 

11,  12 

8,  12 

NT 

12,  13.3 

9,  10 

NT 

NT 

NT 

NT 

7 

8,  12 

16, 

18 

HeLaS3  ATCC 
(CCL-2.2) 

X 

9,  10 

NT 

NT 

11,  12 

8,  12 

NT 

13.3 

9,  10 

NT 

NT 

NT 

NT 

7 

8,  12 

16, 

18 

WISH  ATCC 
(CCL-25) 

X 

9,  10 

NT 

NT 

11,  12 

8,  12 

NT 

13.3 

9,  10 

NT 

NT 

NT 

NT 

7 

8,  12 

16, 

18 

Number  of  STRs  at  each  of  16  surveyed  loci.  Numbers  after  decimal  point  indicate  number  of  bases  in  an  incomplete  STR.  Commas  separate  allele  calls  for  multiple  peaks.  NT:  not 
tested.  Numbers  following  hTERT-ECC  indicate  clones.  Samples  were  analyzed  in  duplicate  independent  reactions.  MCF-7  breast  cancer  cells  reference  STR  profiles  from  ATCC  (HTB- 
22)  and  NCI-60  panel  [25].  HeLa  and  WISH  reference  profiles  from  ATCC  database.  X:  only  the  amelogenin  allele  on  the  X  chromosome  was  detected. 
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profiling  of  the  earliest  available  passages  of  multiple  clonal  lines  in¬ 
dicated  all  isolates  of  hTERT-EEC  cells  to  be  genetically  identical  to 
MCF-7  breast  cancer  cells  (Table  3).  As  for  HES  cells,  this  was  not  at¬ 
tributable  to  contamination  as  no  other  profiles  were  detected  in  the 
samples. 

Analysis  of  ovarian  cancer  cell  lines 

We  obtained  and  genotyped  fifty-one  ovarian  cancer  cell  lines 
(Table  SI ),  many  of  which  are  not  available  from  public  repositories. 
Two  of  the  lines  (IGROV1  and  OVCAR-IO)  gave  mixed  genotypes  in¬ 
dicating  cross-contamination  and  were  excluded  from  further  anal¬ 
ysis.  The  mixed  genotype  for  IGROV1  was  confirmed  in  multiple 
isolates  including  those  obtained  directly  from  the  National  Cancer 
Institute. 

Several  purported  ‘ovarian  cancer’  lines  were  genotypically  identi¬ 
cal  to  other  known,  non-ovarian,  cancer  cells:  BG-1  [64]  was  identified 
as  MCF-7  breast  cancer  cells,  and  CHI,  CHlcisR,  and  222  as  the  terato- 
carcinoma  line  PA1.  Cl 3,  A2008  and  OV2008  were  identical  to  the 
ME-180  (ATCC:  HTB-33)  cervical  cancer  cell  line,  and  confirmed  to 


be  HPV  positive  (Table  4).  The  genotypically  distinct  2008  cell  line 

[65] ,  obtained  directly  from  the  originating  laboratory  of  Dr.  Peter  Disaia 

[66] ,  was  HPV  negative.  Finally,  SK-OV-4  and  SK-OV-6  lines  matched 
HPV-negative  C-33A  (HTB-31)  cervical  cancer  cells  (Table  4). 

Two  ‘normal  ovarian’  cell  lines,  NOSE06  and  NOSE07,  were  geno¬ 
typed  as  the  ovarian  cancer  line  DOV-13.  Similarly,  Caov-2  was  iden¬ 
tical  to  the  earlier  NIH:OVCAR-2  line  (Table  S4)  and  some  samples  of 
COLO-720E  were  found  to  be  COLO-704  (not  shown).  Ovaryl847  cells 
were  genotyped  as  NIH:OVCAR-8. 

The  remaining  ovarian  cancer  cell  lines  exhibited  unique,  unconta¬ 
minated  genotypes  and  are  listed  with  their  STR  profiles  in  Table 
S4. 

We  noted  disparate  genotypes  for  several  cell  lines  with  similar 
names;  2008  cells  are  distinct  from  A2008  and  OV2008,  and  167  dif¬ 
fers  from  OV167  cells.  In  contrast,  the  TOV-112D  cell  line  is  identical 
to  TOV-21D,  which  appears  to  have  arisen  via  transposition  of  num¬ 
bers  and  letters  in  the  name.  Some  isolates  of  TOV-112D  were  mis- 
identified  and  matched  TOV-21G  cells. 

The  heterogeneity  of  ovarian  tumor  cells  in  ascitic  fluid  has  previously 
lead  to  the  establishment  of  several  cell  lines  with  different  phenotypic 


Table  4 

STR  profiles  of  cervical  and  other  cancer  cell  lines  misclassified  as  ovarian. 


Cell  line 

Amelogenin 

CSF1PO 

D2S1338 

D3S1358 

D5S818 

D7S820 

D8S1179 

D13S317 

D16S539 

D18S51 

D19S433 

D21S11 

FGA 

THOl 

TPOX 

vWA 

HPV 

A2008 

X 

11 

18 

16 

12 

9,  10 

14 

11,  12 

12,  13 

12 

13,  15.2 

30,31 

23 

8,  9.3 

8,  10 

15, 

17 

+ 

C13 

X 

11 

18 

16 

12 

9 

14 

11,  12 

12,  13 

12 

15.2 

30,31 

23 

8,  9.3 

8,  10 

15, 

17 

NT 

ME-180 

X 

11 

18 

16 

12 

9,  10 

14 

11,  12 

12,  13 

12 

13,  15.2 

30,31 

23 

8,  9.3 

8,  10 

15, 

17 

NT 

OV2008 

X 

11 

18 

16 

12 

9,  10 

14 

11,  12 

12,  13 

12 

13,  15.2 

30,31 

23 

8,  9.3 

8,  10 

15, 

17 

+ 

ME-180 

ATCC 

X 

11 

NT 

NT 

12 

9,  10 

NT 

11,  13 

12,  13 

NT 

NT 

NT 

NT 

8,  9.3 

8,  10 

15, 

17 

+ 

(HTB-33) 

SKOV4 

X 

12 

23,  25 

16 

11,  12 

10 

10,  14 

13 

13,  14 

15, 

(17). 

18 

11,  13 

29,31, 

32 

21, 

26 

7,8 

9 

18, 

20 

(19) 

NT 

SKOV6 

X 

12 

23,  25 

16 

11,  12 

10 

10,  14 

13 

13,  14 

15, 

(17), 18 

11,  13 

29,  30, 
31,32 

21, 

26 

7,8 

9 

18, 

20 

NT 

C-33  A 

X 

12 

23,  25 

16 

11,  12 

10 

10,  14 

13 

13,  14 

15, 

(17). 

18 

11,  13, 

14 

29,  30, 
31 

21, 

26 

7,8 

9 

18, 

20 

NT 

C-33A 

ATCC 

X 

12 

NT 

NT 

11,  12 

10 

NT 

13 

13,  14 

NT 

NT 

NT 

NT 

7,8 

9 

18, 

20 

— 

(HTB-31) 

BG-1 

X 

10 

21,23 

16 

11,  12 

8,9 

10,  14 

11 

11,  12 

14 

13,  14 

30 

23, 

24, 
25 

6 

9,  12 

14, 

15 

NT 

MCF-7 

NCI-60 

X 

10 

21,23 

16 

11,  12 

8,9 

10,  14 

11 

11,  12 

14 

13,  14 

30 

23, 

25 

6 

9,  12 

14, 

15 

NT 

MCF-7 

ATCC 

X 

10 

NT 

NT 

11,  12 

8,9 

NT 

11 

11,  12 

NT 

NT 

NT 

NT 

6 

9,  12 

14, 

15 

NT 

(HTB-22) 

CHI 

X 

9,  12, 

13 

24 

15 

11 

9 

14,  15 

9,  10 

9,  12 

15,  18 

13 

29, 

31.2 

24 

7,9 

11 

15, 

17 

NT 

CHl-cisR 

X 

9,  13 

24 

15 

11 

9 

14,  15 

9,  10 

9,  12 

15,  18 

13 

29, 

31.2 

24 

7,9 

11 

15, 

17 

NT 

222 

X 

9,  13 

24 

15 

11 

9 

14,  15 

9,  10 

9,  12 

15,  18 

13 

29, 

31.2 

24 

7,9 

11 

15, 

17 

NT 

PA-1 

JCRB  (9061) 

X 

9,  12 

NT 

NT 

11 

9 

NT 

9,  10 

9,  12 

NT 

NT 

NT 

NT 

7,9 

11 

15, 

17 

NT 

NOSE06 

X 

8,  10 

20,  24 

14,  16 

11 

10 

14 

11 

10,  13 

12,  16 

13,  14 

32.2, 

33.2 

21, 

24 

6,  9.3 

6,8 

19 

NT 

NOSE07 

X 

8,  10 

20,  24 

14,  16 

11 

10 

14 

11 

10,  13 

12,  16 

13,  14 

32.2, 

33.2 

21, 

24 

6,  9.3 

6,8 

19 

NT 

DOV-13 

X 

8,  10 

20,  24 

14,  16 

11 

10 

14 

11 

10,  13 

12,  16 

13,  14 

32.2, 

33.2 

21, 

24 

6,  9.3 

6,8 

19 

NT 

Number  of  STRs  at  each  of  16  surveyed  loci.  Numbers  after  decimal  point  indicate  number  of  bases  in  an  incomplete  STR.  Commas  separate  allele  calls  for  multiple  peaks.  Alleles  in 
parentheses  indicate  low  amplitude  peaks  suggesting  only  a  minor  fraction  of  the  cells  in  the  population  carry  that  allele.  NT:  allele  not  tested.  ATCC  is  a  reference  DNA  profile  from 
the  American  Type  Culture  Collection.  HPV:  human  papilloma  virus  status  ( + :  positive;  — :  negative).  MCF-7  breast  cancer  cells  reference  STR  profiles  from  ATCC  (HTB-22)  and  NCI- 
60  panel.  X:  only  the  amelogenin  allele  on  the  X  chromosome  was  detected. 
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characteristics  [67].  We  profiled  very  early  passages  of  OV429  and 
OV433  [68,69]  and  found  identical  genotypes,  indicative  of  either  a 
common  patient  origin  or  early  cross-contamination  (Table  S4).  Of  his¬ 
torical  note,  OV433  was  the  cell  line  used  originally  to  select  for  reactiv¬ 
ity  to  the  OC125  monoclonal  antibody  to  the  ovarian  tumor  marker 
CA125. 

The  cluster  of  PE01/PE04/PE06  cells  is  known  to  originate  from 
the  same  patient  [70],  and  genotype  accordingly.  Similarly,  HEY/HEYA8/ 
HEYC2  cells  [71  ]  are  derived  from  the  same  original  line,  and  share  iden¬ 
tical  genotypes  (Table  S4). 

Chemotherapy  resistant  derivatives  mirror  parental  cell  line  genotypes 

We  tested  five  original  and  cisplatin-resistant  paired  cell  lines  and 
all  five  parent  and  derivative  combinations  were  confirmed  by 
genotyping.  However,  as  shown  earlier  (Table  4),  the  OV2008/C13 
cells  are  cervical,  not  ovarian  cancer  cells  and  the  CHl/CHlcisR  lines 
[72]  are  PA1  teratocarcinoma  cells.  Table  S5  shows  STR  profiles  of 
the  matched  cisplatin-sensitive/-resistant  ovarian  cancer  cell  lines. 
The  41M/41McisR,  TYKnu/TYKnucisR  and  A2780/A2780cisR  pairs  each 
have  unique  profiles.  The  paired  lines  demonstrate  some  genetic 
instability,  consistent  with  cisplatin-induced  MSI  [73].  Cisplatin- 
resistant  A2780  cells  have  lost  alleles  at  the  D3S1358,  FGA,  D8S1179. 
D5S818,  D7S820,  CSF1PO,  and  D2S1338  loci,  and  gained  an  allele  at  the 
D18S51  locus.  The  41M/41McisR  pair  is  more  stable,  with  the  cisplatin- 
resistant  line  differing  only  at  the  vWA  locus.  The  original  derivation 
of  the  41 M  cisplatin-resistant  lines  lists  three  isolates  (41McisR2, 
41McisR4  and  41McisR6),  which  differed  in  their  IC50  [74].  The  subline 
profiled  herein  is  unknown,  as  the  identifying  number  has  been  lost. 

Discussion 

Gynecologic  cancer  research  is  critically  dependent  on  the  use  of 
cell  culture  models,  to  investigate  molecular  mechanisms  underlying 
the  development  and  progression  of  tumors,  to  design  and  test  novel 
therapeutic  strategies,  and  to  identify  potential  diagnostic  or  prog¬ 
nostic  markers.  In  this  report,  we  profiled  the  most  widely  used  endo¬ 
metrial  and  ovarian  cell  lines  and  discovered  several  examples  of 
misidentification,  redundancy  and  cross-contamination. 

Genotyping  and  HPV  testing  of  ovarian  cancer  cell  lines  identified 
eight  (BG-1  [64],  CHl/CHlcisR  [72],  222  [75],  C13  [76],  A2008  [77,78], 
OV2008,  SKOV-4  and  SKOV-6  [79])  as  previously  existing,  breast  cancer, 
teratocarcinoma  or  cervical  cancer  cell  lines.  In  addition,  two  ‘normal 
ovarian’  cell  lines,  NOSE06  and  NOSE07  [80],  were  genotyped  as  the 
ovarian  cancer  line  DOV-13  [81].  We  also  highlight  the  possibility  for 
confusion  of  several  ovarian  cancer  cell  lines  with  similar  names,  but 
distinct  genotypes;  e.g.  167  and  OV167,  2008  and  A2008/OV2008. 

We  profiled  a  number  of  variants  of  Ishikawa  endometrial  cancer 
cells.  Results  are  consistent  with  a  common  origin  for  these  sublines, 
with  variations  and  polymorphisms  in  some  STR  loci  attributable  to 
genetic  instability,  mismatch  repair  defects,  and  high  passage  number 
[75-77].  Analyses  of  mutations  in  the  p53  gene  (TP53)  are  consistent 
with  previous  reports  [31,57]  and  provide  additional  genetic  markers 
to  perhaps  distinguish  the  original,  3-H-4  and  3-H-12  Ishikawa  lines. 
Furthermore,  STR  profiling,  TP53  sequencing,  and  MSI  analysis  confirm 
that  currently  available  isolates  of  ECC-1  cells  are  not  authentic  but  are 
identical  to  Ishikawa  cells,  specifically  the  3-H-l  2  line.  This  conclusion  is 
reinforced  by  evidence  that  the  EnCa-101  tumor,  from  which  the  origi¬ 
nal  EEC-1  line  was  purportedly  derived  [42,55],  is  genetically  distinct 
from  both  Ishikawa  and  ECC-1  cells.  We  also  observed  several  ECC-1 
isolates  to  be  misidentified  MCF-7  cells  or  a  cross-contaminated  mix¬ 
ture  of  Ishikawa  and  MCF-7  lines. 

ECC-1  cells  were  initially  characterized  as  distinct  from  Ishikawa 
lines  based  on  differential  expression  of  cytokeratin  13  and  osteopontin 
[33].  However,  both  markers  were  present  in  the  two  lines,  which 
otherwise  showed  identical  patterns  of  expression  of  steroid 


hormone  receptors  and  their  coactivators  [33].  The  karyotypes  of 
Ishikawa  and  ECC-1  cells  also  exhibit  some  apparent  differences 
[31,33],  but  chromosomal  number  and  structural  rearrangements  in 
both  lines  were  complex  with  high  intercellular  variability  [31,33]. 
Comparative  cytogenetic  analysis  found  that,  given  the  evident  hetero¬ 
geneity  and  differential  capabilities  of  the  techniques  used  (FISH  or 
SKY)  to  detect  abnormalities  in  small  chromosomal  segments,  the  kar¬ 
yotypic  similarity  was  likely  underestimated,  and  is  consistent  with 
the  two  lines  sharing  a  common  origin. 

Thus,  we  conclude  that  the  original  ECC-1  cell  line  has  been  lost, 
although  the  persistence  of  the  EnCa-101  tumor  [56]  provides  an 
opportunity  for  its  re-derivation.  ECC-1  cells  have  been  extensively 
used  as  models  of  ER  positive,  type  1,  endometrial  cancers.  Since 
Ishikawa  cells  are  also  representative  of  such  endometrioid  tumors, 
our  evidence  that  the  two  lines  are  identical  may  not  significantly 
impact  conclusions  drawn  from  these  studies,  beyond  the  use  of 
two  redundant  cell  lines.  However,  the  possible  misidentification 
of  MCF-7  breast  cancer  cells  as  ECC-1,  or  cross  contamination  with 
the  former,  should  be  considered  in  interpreting  results  using  ECC- 
1  cells. 

We  identified  the  normal  endometrial  epithelial  cell  line  (HES)  as 
HeLa  cervical  carcinoma  cells.  HES  cells  have  been  used  as  a  model  of 
benign  endometrial  epithelium  to  study  mucosal  immunity  [82],  im¬ 
plantation  [83,84],  decidualization  [85]  and  endometriosis  [86],  and 
have  served  as  ‘normal’  controls  for  novel  chemotherapeutics  [87,88] 
and  analysis  of  signaling  pathways  in  the  endometrium  [89-93].  Simi¬ 
larly,  the  telomerase  immortalized  endometrial  epithelial  cell  line, 
hTERT-EEC  [59],  was  an  exact  genotypic  match  to  MCF-7  breast  cancer 
cells.  hTERT-EEC  has  been  proposed  as  model  to  study  steroids  in  nor¬ 
mal  endometrial  physiology,  including,  endometriosis  and  implantation 
[59,94,95].  Clearly,  conclusions  derived  from  studies  utilizing  HES  cells 
(HeLa)  or  hTERT-EEC  (MCF-7)  should  be  interpreted  with  caution,  in 
the  light  of  evidence  that  they  are  neither  normal  nor  endometrial  in 
origin. 

Cell  line  authentication  is  essential  for  their  meaningful  use  in  re¬ 
search.  We  recommend  that  cell  lines  be  quarantined  and  authenti¬ 
cated  by  DNA  profiling  prior  to  use,  and  periodically  evaluated  by  STR 
genotype,  to  check  for  cross-contamination  and  validate  construction  of 
stably  transfected,  genetically  modified  or  clonally  selected  variants. 
Derivation  of  novel  cell  lines  should  be  accompanied,  where  possible, 
by  STR  profiles  of  the  patient  germ  line,  tumor  or  tissue,  and  cell  line 
DNA.  We  also  suggest  the  use  of  histological  or  phenotypic  markers  to 
verify  the  tissue  of  origin,  since  STR  profiling  cannot  provide  this  infor¬ 
mation  resulting  in  debate  as  to  the  tissue  type  of  some  cancer  cell  lines 
[2,96]. 

The  origins  and  mechanisms  of  cell  line  contamination,  including 
poor  tissue  culture  technique,  inadequate  quality  control,  clerical  and 
labeling  errors,  and  aerosol  transfer  of  cells,  have  been  reviewed  previous¬ 
ly  [63]  and,  despite  best  laboratory  practices,  are  probably  unavoidable. 
Accordingly,  even  among  cell  lines  that  exhibited  unique  profiles,  we 
found  examples,  from  all  sources,  of  individual  aliquots  that  were  mis¬ 
identified  or  contaminated,  indicating  a  widespread  and  pervasive 
problem.  STR  profiling  is  a  simple,  widely  available  and  relatively  inex¬ 
pensive  method  to  document  and  authenticate  cell  lines,  and  has  been 
recommended  as  an  internationally  accepted  standard  for  human  cells 
[22,63,97,98].  Despite  repeated  calls  for  journals  to  require  DNA  profiling 
of  cells  for  publication,  this  practice  has  not  been  widely  adopted 

[63.99] .  Complacency  and  denial  of  the  existence  and  extent  of  the 
problem  with  validation  and  authenticity  of  cell  lines,  while  prevalent 

[7.24.63.99] ,  are  antithetical  to  the  conduct  of  responsible  research  in 
gynecologic  oncology. 
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BACKGROUND  AND  PURPOSE 

Oestrogen  receptor  alpha  (ERa)  binds  to  different  ligand  which  can  function  as  complete/partial  oestrogen-agonist  or 
antagonist.  This  depends  on  the  chemical  structure  of  the  ligands  which  modulates  the  transcriptional  activity  of  the 
oestrogen-responsive  genes  by  altering  the  conformation  of  the  liganded-ERa  complex.  This  study  determined  the  molecular 
mechanism  of  oestrogen-agonistic/antagonistic  action  of  structurally  similar  ligands,  bisphenol  (BP)  and  bisphenol  A  (BPA)  on 
cell  proliferation  and  apoptosis  of  ERa  +  ve  breast  cancer  cells. 

EXPERIMENTAL  APPROACH 

DNA  was  measured  to  assess  the  proliferation  and  apoptosis  of  breast  cancer  cells.  RT-PCR  and  ChIP  assays  were  performed  to 
quantify  the  transcripts  of  TFF1  gene  and  recruitment  of  ERa  and  SRC3  at  the  promoter  of  TFFl  gene  respectively.  Molecular 
docking  was  used  to  delineate  the  binding  modes  of  BP  and  BPA  with  the  ERa.  PCR-based  arrays  were  used  to  study  the 
regulation  of  the  apoptotic  genes. 

KEY  RESULTS 

BP  and  BPA  induced  the  proliferation  of  breast  cancer  cells;  however,  unlike  BPA,  BP  failed  to  induce  apoptosis.  BPA 
consistently  acted  as  an  agonist  in  our  studies  but  BP  exhibited  mixed  agonistic/antagonistic  properties.  Molecular  docking 
revealed  agonistic  and  antagonistic  mode  of  binding  for  BPA  and  BP  respectively.  BPA  treatment  resembled  E2  treatment  in 
terms  of  PCR-based  regulation  of  apoptotic  genes  whereas  BP  was  similar  to  40HT  treatment. 

CONCLUSIONS  AND  IMPLICATIONS 

The  chemical  structure  of  ERa  ligand  determines  the  agonistic  or  antagonistic  biological  responses  by  the  virtue  of  their 
binding  mode,  conformation  of  the  liganded-ERa  complex  and  the  context  of  the  cellular  function. 

Abbreviations 

40HT,  4-hydroxy  tamoxifen;  BP,  bisphenol;  BPA,  bisphenol  A;  ChIP,  chromatin-immunoprecipitation  assay;  DES, 
diethylstilbestrol;  E2,  17|3-oestradiol;  ERa,  oestrogen  receptor  alpha;  LBD,  ligand  binding  domain;  RAL,  raloxifene; 
RT-PCR,  real  time  PCR;  SRC3,  steroid  coactivator  3;  TFFl,  trefoil  factor  1 
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Introduction 

Oestrogen  receptor  alpha  (ERa)  mediates  its  action  in  cells 
and  tissues  by  binding  to  its  cognate  ligands  and  function  as 
a  'ligand-activated'  transcription  factor  (Jordan  and  O'Malley, 
2007).  Apart  from  its  natural  ligands,  many  different  com¬ 
pounds  can  bind  to  ERa  and  thus  can  function  as  its  ligand 
(Sengupta  and  Jordan,  2008).  However,  depending  upon  the 
chemical  structures  of  these  ligands,  they  can  either  function 
as  a  complete/partial  oestrogen-  agonist  or  antagonist. 
Broadly,  the  oestrogenic  compounds  can  be  classified  as  class 
I  and  class  II  depending  upon  their  planar  or  non-planar 
chemical  structures  respectively  (Jordan  etal.,  2001).  Differ¬ 
ent  ligands  bind  to  the  same  core  of  the  ligand  binding 
domain  (LBD)  of  ERa  protein  but  can  evoke  distinct  three- 
dimensional  conformation  of  the  liganded-ERa  complex 
which  can  either  interact  with  the  coactivators  or  the  core¬ 
pressors  (collectively  known  as  coregulators)  at  the  promoters 
of  oestrogen-responsive  genes  (Jordan  and  O'Malley,  2007). 
Consequently,  this  complex  modulates  the  transcriptional 
activity  of  the  various  oestrogen-responsive  genes  and 
eventually  determines  the  outcome  of  the  ERa-dependent 
physiological  responses  of  a  particular  cell  or  tissue  type.  The 
molecular  basis  of  this  differential  recruitment  of  the  coregu¬ 
lators  has  been  attributed  to  the  ability  of  the  liganded-ERa  to 
reorient  the  helix  12  (HI 2)  of  the  LBD  in  such  a  manner  that 
the  complex  can  interact  with  the  coactivators  at  the  struc¬ 
tural  interface  formed  by  H3,  H4  and  H5  helices;  when  ERa  is 
bound  to  an  agonist  [17(3-oestradiol  (E2)  or  diethylstilbestrol 
(DES)]  (Brzozowski  etal.,  1997;  Shiau  etal.,  1998),  but 
this  interaction  is  completely  blocked  when  the  ERa  is 
bound  to  antagonists,  such  as  4-hydroxy-tamoxifen  (40HT) 
(Brzozowski  etal.,  1997)  or  raloxifene  (RAL)  (Shiau  etal., 
1998).  Interestingly,  when  ERa  is  liganded  with  an  antago¬ 
nist,  such  as  40HT,  an  active  metabolite  of  tamoxifen,  which 
is  extensively  used  in  treatment  and  prevention  of  breast 
cancers  (Jordan,  1993),  it  can  now  interact  with  the  corepres¬ 
sors  and  can  inhibit  the  transcriptional  activity  from  the 
oestrogen-responsive  genes  (Metivier  et  al.,  2002;  Shang  and 
Brown,  2002;  Liu  and  Bagchi,  2004).  Besides  the  interaction 
of  coregulators  with  the  liganded  ERa,  the  levels  of  coactia- 
vtors  and  corepressors  in  a  given  cell  can  also  determine  the 
physiological  responses  to  different  ligands  of  ERa  (Shang 
and  Brown,  2002). 

Earlier  studies  from  our  laboratory  have  identified  that 
the  amino  acid  aspartate  at  351  (which  is  in  the  H3)  of  the 
ERa  LBD  is  critically  important  for  maintaining  the  integrity 
of  antioestrogenic  activity  of  keoxifene  (RAL)  and  40HT 
(Levenson  etal.,  1997;  1998).  Earlier,  the  mutation  of  ERa 
encoding  amino  acid  351  which  substituted  the  aspartate  to 
tyrosine  amino  acid  was  detected  in  one  of  the  xenograft 
tumours  stimulated  by  tamoxifen  in  the  athymic  mice  (Wolf 
and  Jordan,  1994).  Further  investigations  have  revealed  that 
changing  the  amino  acid  aspartate  351  of  the  ERa  to  glycine 
(D351G)  abolishes  the  oestrogenic  effect  of  40HT  but  does 
not  affect  oestradiol  action  on  TGFa  gene  activation  in  the  ER 
negative  breast  cancer  cells  stably  transfected  with  either  wild 
type  ERa  or  D351G  mutated  ERa  (MacGregor  Schafer  etal., 
2000).  Using  these  models,  oestrogens  were  classified  as  either 
type  I,  which  have  the  planar  structures  or  type  II,  which 
have  the  angular  or  non-planar  structures  (Jordan  et  al.,  2001; 
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Figure  1 

Chemical  structures  of  1  7(3-oestradiol  (E2),  Diethylstilbestrol  (DES), 
4-Hydroxy  tamoxifen  (40HT),  Bisphenol  (BP)  and  Bisphenol  A  (BPA). 


Bentrem  etal.,  2003).  A  recent  confirmatory  study  evaluated 
the  ability  of  several  type  I  and  II  liganded  ERa  to  associate 
with  the  specific  peptide  motif  'LXXLL'  which  coactivators 
use  to  interact  with  the  ERa  (Bourgoin-Voillard  etal.,  2010). 

A  previous  study  (Maximov  et  al.,  2011)  from  our  labora¬ 
tory  indicated  that  the  conformation  of  the  ERa  complex  can 
govern  the  oestrogen-induced  apoptosis  in  the  MCF7  :  5C 
breast  cancer  cells.  The  present  study  dissects  the  ERa  medi¬ 
ated  effect  of  two  structurally  similar  oestrogenic  ligands, 
namely,  bisphenol  (BP)  and  bisphenol  A  (BPA)  (Figure  1),  on 
two  critical  physiological  responses,  that  is  growth  and  apop¬ 
tosis  in  the  breast  cancer  cells.  BP  is  structurally  related  to 
40HT  with  E2-like  agonistic  properties,  whereas  BPA  has  been 
characterized  as  an  endocrine  disruptor  with  weak  oestro¬ 
genic  properties.  Using  various  investigative  tools,  this  study 
underscore  the  fact  that  minor  difference  in  the  shape  of 
the  ERa-liganded  complex  has  profound  modulation  on 
oestrogen-induced  apoptosis  but  not  on  oestrogen-induced 
replication  of  breast  cancer  cells. 


Materials  and  methods 

Cell  culture  and  reagents 

Cell  culture  media  were  purchased  from  Invitrogen  Inc. 
(Grand  Island,  NY,  USA)  and  fetal  calf  serum  (FCS)  was 
obtained  from  HyClone  Laboratories  (Logan,  UT,  USA).  Com¬ 
pounds  E2,  40HT  and  BPA  were  obtained  from  Sigma-Aldrich 
(St.  Louis,  MO,  USA).  BP  was  synthesized  and  the  details  of 
the  synthesis  have  been  reported  previously  (Maximov  et  al., 
2010).  The  ER  positive  breast  cancer  cells  MCF-7  :  WS8  (here¬ 
after  mentioned  as  MCF7)  and  oestrogen-deprived  MCF7  :  5C 
were  derived  from  MCF7  cells  obtained  from  the  Dr.  Dean 
Edwards,  San  Antonio,  TX,  USA  as  reported  previously  (Jiang 
etal.,  1992).  MCF7  cells  were  maintained  in  RPMI  media 
supplemented  with  10%  FCS,  6  ng-mL1  bovine  insulin  and 
penicillin  and  streptomycin.  MCF7  :  5C  cells  were  main¬ 
tained  in  phenol  red-free  RPMI  media  containing  10%  char- 
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coal  dextran  treated  FCS,  6  ng-mL'1  bovine  insulin  and 
penicillin  and  streptomycin.  Three  to  four  days  prior  to  har¬ 
vesting  the  MCF7,  cells  were  cultivated  in  phenol  red-free 
media  containing  10%  charcoal  dextran  treated  FCS.  The  cells 
were  treated  with  indicated  compounds  (with  media  changes 
every  48  h)  for  the  specified  time  and  were  subsequently 
harvested  for  growth  assay.  MDA-MB-231  cells  stably  trans¬ 
fected  with  wild  type  ERa  (MC2)  or  D351G  ERa  (JM6)  were 
grown  in  minimal  essential  medium  without  phenol  red  in 
the  presence  of  5%  charcoal  dextran  treated  calf  serum, 
glutamine,  bovine  insulin,  penicillin,  streptomycin,  nones¬ 
sential  amino  acids  and  500  pg-mL'1  G418  as  described  pre¬ 
viously  (MacGregor  Schafer  etal,  2000).  All  the  experiments 
were  repeated  at  least  three  times,  in  triplicate  to  confirm  the 
results. 

Cell  growth  assay 

The  cell  growth  was  monitored  by  measuring  the  total  DNA 
content  per  well  in  24  well  plates.  Fifteen  thousand  cells  were 
plated  per  well  and  treatment  with  indicated  concentrations 
of  compounds  was  started  after  24  h,  in  triplicate.  Media 
containing  the  specific  treatments  were  changed  every  48  h. 
On  day  6  (144  h  post  treatment),  the  cells  were  harvested  and 
total  DNA  was  assessed  using  a  fluorescent  DNA  quantitation 
kit  (Cat  #  170-2480;  Bio-Rad,  Hercules,  CA,  USA)  according  to 
manufacturer's  instructions.  Briefly,  the  cells  were  harvested 
using  hypotonic  buffer  solution  and  were  subsequently  soni¬ 
cated.  The  DNA  content  was  estimated  using  a  fluorescent 
dye  (Hoechst  33258)  provided  in  the  kit. 

RNA  isolation  and  real-time  PCR  (RT-PCR) 

Total  RNA  was  isolated  using  TRIzol  reagent  (Invitrogen, 
Carlsbad,  CA,  USA)  and  RNAeasy  kit  according  to  the  manu¬ 
facturer's  instructions.  RT-PCR  was  performed  as  previously 
described  (Sengupta  etal.,  2010).  Briefly,  high  capacity  cDNA 
reverse  transcription  kits  (Applied  Biosystems,  Foster  City, 
CA,  USA)  was  used  to  generate  cDNA  was  using  1  ug  of  total 
RNA  in  a  total  volume  of  20  uL.  The  cDNA  was  subsequently 
diluted  to  500  uL  and  RT-PCR  was  performed  using  ABI  Prism 
7900  HT  Sequence  Detection  System  (Applied  Biosystems).  In 
each  well,  20  uL  reaction  volume  included  10  uL  SYBR  green 
PCR  master  mix  (Applied  Biosystems),  125  nM  each  of 
forward  and  reverse  primers  and  5  uL  of  diluted  cDNA.  The 
change  in  expression  of  transcripts  was  determined  as 
described  previously  and  used  the  ribosomal  protein  36B4 
mRNA  as  the  internal  control  (Sengupta  etal.,  2010). 

Chromatin-immunoprecipitation  (CHIP)  assay 

ChIP  assay  was  performed  as  described  previously  (Maximov 
etal.,  2011).  Briefly,  cells  were  treated  with  indicated  com¬ 
pounds  for  45  min  and  cross-linked  using  1.25%  paraformal¬ 
dehyde  for  15  min  and  subsequently  stopped  cross-linking 
with  2  M  glycine.  Cells  were  collected,  followed  by  nuclei 
isolation  by  centrifugation.  Isolated  nuclei  were  resuspended 
in  SDS-lysis  buffer  followed  by  sonication  and  centrifugation 
at  14  OOOx  g  for  20  min  at  4°C.  The  supernatant  were  diluted 
1  :  10  with  ChIP  dilution  buffer.  Normal  rabbit  IgG  and 
Magna  ChIP  protein  A  magnetic  bead  (Upstate  Cell  Signaling 
Solutions,  Temecula  CA,  USA)  were  used  to  immunoclear  the 
supernatant  followed  by  immunoprecipitation  with  anti¬ 


bodies  against  ERa  (1:1  mixture  of  cat#  sc-543  and  sc- 7207; 
Santa  Cruz  Biotechnology  Inc.,  Dallas,  TX,  USA)  and  steroid 
receptor  coactivator-3  (SRC3)  (cat#  13066;  Santa  Cruz  Bio¬ 
technology,  Inc.).  Immunocomplexes  were  pulled  down  using 
protein  A  magnetic  beads  and  a  magnet.  The  beads  bound  to 
immunocomplexes  were  washed  using  different  buffers  as 
described  previously  (Maximov  et  ah,  2011).  Precipitates  were 
finally  extracted  twice  using  freshly  made  1%  SDS  and  0.1  M 
NaHC03  followed  by  de-crosslinking.  The  DNA  fragments 
were  purified  using  Qiaquick  PCR  purification  kit  (Qiagen, 
Valencia,  CA,  USA).  RT-PCR  was  performed  using  2  pL  isolated 
DNA,  using  primers  specific  for  PS2  promoter  (Maximov  et  ah, 
2011).  The  data  are  presented  as  percent  input  of  starting 
chromatin  input  after  subtracting  the  percent  input  pull 
down  of  the  negative  control  (normal  rabbit  IgG). 

Molecular  modelling 

A  commonly  used  method  to  evaluate  the  docking  method 
efficiency  is  to  dock  the  cocrystallized  ligand  to  its  native 
experimental  structure.  The  expected  outcome  would  be  a 
docking  solution,  pose,  which  recapitulates  the  binding 
mode  of  the  ligand  in  the  binding  site  of  the  experimental 
structure.  For  this  reason,  3D-conformations  of  E2,  DES  and 
40HT  were  generated,  optimized  with  MMFF94  force  field 
and  then  subjected  to  preparation  for  docking  using  the 
LigPrep  utility.  The  same  protocol  was  followed  for  BPA  and 
BP.  Protein  Preparation  Workflow  (Schrodinger,  LLC,  New 
York,  NY,  2011)  was  employed  to  prepare  the  proteins  for 
molecular  docking.  The  residues  well  known  to  be  important 
for  biological  activity  D351  and  E353  were  kept  charged  in  all 
three  receptors,  the  free  rotation  of  hydroxyl  group  for  T347 
was  allowed  and  H524  residue  was  protonated  at  the  epsilon 
nitrogen  atom  in  the  complexes  1GWR  and  3ERT  based  on 
the  available  literature  data.  In  the  case  of  3ERD  complex,  two 
structures  were  prepared  for  docking  runs  having  H524  pro¬ 
tonated  at  epsilon  (3ERD_e)  and  delta  (3ERD_5)  nitrogen. 

The  best  docking  poses  were  selected  based  on  the  com¬ 
posite  score,  Emodel,  which  accounts  not  only  for  the 
binding  affinity  but  also  for  the  energetic  terms,  such  as 
ligand  strain  energy  and  interaction  energy.  When  E2,  DES 
and  40HT  were  docked  to  their  native  structures  the  top 
ranked  docking  solutions  have  a  ligand  RMSD  of  0.353  for  E2, 
0.416  for  DES  docked  to  3ERD_e  and  0.372  when  docked  to 
3ERD_6  and  0.629  for  40HT. 

Real  time  profiler  assay  for  apoptosis 

RT-PCR  profiler  assay  kits  for  apoptosis  was  used  from  a  com¬ 
mercial  vendor  which  uses  384  well  plates  to  profile  the 
expression  of  370  apoptosis  related  human  genes  (Qiagen; 
SABiosciences  Corp,  Fredrick,  MD,  USA;  Cat#330231  PAHS- 
3012E).  All  the  procedures  were  followed  as  per  the  manufac¬ 
turer's  instructions.  Briefly,  MCF7  :  5C  cells  were  treated  with 
E2  (10-9  M)  for  24,  48  and  72  h  or  with  indicated  compounds 
(in  triplicate)  for  48  h  and  total  RNA  was  isolated  using  the 
method  mentioned  earlier.  Two  micrograms  of  total  RNA  was 
reverse  transcribed  and  RT-PCR  was  performed  using  ABI 
7900HT.  The  fold  change  was  calculated  by  AACt  method  and 
volcano  plots  were  generated  using  the  web  based  tool,  RT2 
profile  PCR  array  data  analysis  version  3.5  (Qiagen;  SABio¬ 
sciences  Corp.). 
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Statistics 

Statistical  significance  of  our  data  was  assessed  using  the 
Student's  f-test  wherever  relevant.  A  P-value  of  <0.05  was 
considered  as  statistically  significant. 

Results 

Differential  effect  of  BP  and  BPA  in  inducing 
apoptosis  in  MCF7  :  5C  cells  but  not  growth 
in  MCF7  cells 

BP  (Figure  1)  a  triphenylethylene  (TPE)  is  a  known  partial 
oestrogenic  ligand  which  can  induce  growth  of  the  ERa  posi¬ 


tive  breast  cancer  cells  (Maximov  etal,  2010)  and  can  also 
partially  initiate  prolactin  synthesis  from  primary  culture  of 
cells  from  immature  rat  pituitary  glands  (Jordan  and 
Lieberman,  1984).  Another  compound  with  similar  chemical 
structure,  BPA  (Figure  1)  is  also  a  well-characterized  but  weak 
oestrogenic  ligand  (Routledge  etal.,  2000).  Here,  we  evalu¬ 
ated  the  ability  of  these  two  oestrogenic  compounds  to 
induce  growth  and  apoptosis  in  MCF7  and  MCF7  :  5C  cells, 
respectively  as  both  these  responses  are  dependent  on 
oestrogen-agonistic  action.  As  expected,  BP  as  well  as  BPA  was 
able  to  induce  the  concentration  dependent  growth  in  the 
MCF7  cells  (Figure  2A).  BPA  was  less  potent  compared  to  BP 
as  maximal  growth  was  achieved  by  BP  at  10'9  M  concentra- 
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Figure  2 

Differential  effect  of  bisphenol  (BP)  and  bisphenol  A  (BPA)  on  growth  and  apoptosis  of  ERa  positive  breast  cancer  cells.  (A)  Dose-dependent  effects 
of  BP,  BPA  and  (oestradiol)  E2  on  growth  of  MCF7  cells  treated  for  6  days  as  indicated.  The  black  bar  denotes  the  level  of  DNA  in  vehicle  treated 
cells  over  a  6-day  period.  The  growth  is  measured  as  amount  of  DNA  present  in  each  well.  (*P  <  0.05  vs.  vehicle  treatment)  (B)  Dose-dependent 
effect  of  BP,  BPA  and  E2  on  apoptosis  of  MCF7  :  5C  cells  treated  for  6  days  as  indicated.  The  black  bar  denotes  the  level  of  DNA  in  vehicle  treated 
cells  over  a  6-day  period.  The  growth  is  measured  as  amount  of  DNA  present  in  each  well.  (*P  <  0.05  vs.  vehicle  treatment)  (C)  Dose  dependent 
effect  of  BP  and  BPA  on  E2  (1  nM)-induced  apoptosis  in  MCF7  :  5C  cells,  treated  over  a  six  day  period.  The  growth  is  measured  as  amount  of  DNA 
present  in  each  well.  (*P  <  0.05  vs.  1  nM  E2  treatment)  (D)  Effect  of  BP  (10-6  M)  and  40HT  (10-6  M)  on  BPA  (10-6  M)  induced  apoptosis  in 
MCF7  :  5C  cells  over  6-day  period.  (*P  <  0.05  vs.  vehicle  treatment;  #P  <  0.05  vs.  BPA  treatment)  The  data  are  presented  as  percent  of  growth 
considering  the  vehicle  treated  cells  as  100  percent.  Each  value  is  average  of  at  least  three  replicates  ±SD. 
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tion  as  compared  to  10'6  M  for  BPA.  By  comparison,  E2 
induced  maximal  growth  at  10'11  M  concentration  in  the 
MCF7  cells.  In  the  case  of  MCF7  :  5C  cells,  which  undergo 
apoptosis  with  E2  treatment  (Fewis  et  al.,  2005;  Ariazi  et  al., 
2011),  a  marked  contrast  was  observed  between  BP  and  BPA 
in  the  induction  of  apoptosis.  BPA  was  able  to  induce  apop¬ 
tosis  to  the  same  extent  as  E2  in  these  cells  at  a  higher 
(10-6  M)  concentration  (Figure  2B)  as  compared  to  E2  which 
achieved  maximal  effect  at  10'10  M.  However,  BP  failed  to 
induce  apoptosis  even  at  10'5  M  concentration  (Figure  2B). 
We  further  investigated  that  if  BP  was  actually  binding  to  the 
ERa  in  the  MCF7  :  5C  cells  by  treating  these  cells  with  BP  in 
combination  with  10'9  M  of  E2.  BP  was  able  to  block  the 
effect  of  E2  in  the  MCF7  :  5C  cells  (Figure  2C  and  Supporting 
Information  Figure  S3)  in  a  concentration  dependent  manner 
indicating  that  the  effect  of  BP  was  through  the  ERa,  thus 
inhibiting  the  E2  action.  On  the  other  hand,  BPA  was  not  able 
to  block  the  effect  E2  action  (Figure  2C).  In  addition,  we  also 
show  that  the  oestrogenic  effect  of  BPA  (10-6  M)  in  inducing 
apoptosis  in  MCFF7  :  5C  cells  was  completely  blocked  by  BP 
(10“6  M)  as  well  as  HP6  M  of  40HT  (Figure  2D). 

Regulation  of  oestrogen-responsive  gene  trefoil 
factor  1(TFF1  or  PS2)  by  BP  and  BPA 

We  next  investigated  the  transcriptional  regulation  of  a  well- 
characterized  oestrogen-regulated  gene,  TFF1  ( PS2 )  (Metivier 
etal,  2003)  by  BP  and  BPA  and  compared  it  with  E2  and 
40HT.  MCF7  cells  were  treated  for  4  h  with  the  0.1%  ethanol 
(veh),  E2  (1CT9  M),  40HT  (106  M),  BP  (106  M  and  10“5  M)  or 
BPA  (10'6  M  and  10~5  M)  and  the  transcripts  levels  of  PS2  gene 
were  measured  using  RT-PCR.  Two  different  concentrations 
(10-6  M  and  10'5  M)  were  used  for  BP  and  BPA,  because  BPA  is 
a  weak  oestrogen  and  we  wanted  to  evaluate  the  concentra¬ 
tion  dependent  regulation  of  these  compounds.  As  expected, 
PS2  mRNA  was  up-regulated  around  fivefold  by  E2  (10-9  M) 
compared  to  vehicle  treatment  and  40HT  (10-6  M)  which 
completely  failed  to  induce  the  levels  of  PS2  mRNA 
(Figure  3A).  On  the  other  hand,  BP  treatment  at  10'6  M  con¬ 
centration  moderately  (~2  fold)  up-regulated  the  PS2  mRNA 
levels  and  higher  concentration  (1(P5  M)  of  BP  failed  to 
further  increase  the  levels  of  PS2  (Figure  3A).  Conversely,  cells 
treated  with  BPA  exhibited  concentration  dependent  increase 
in  up-regulation  of  the  PS2  mRNA  and  the  magnitude  of 
up-regulation  with  high  concentration  (1CP5  M)  of  BP  was 
equivalent  to  the  E2-mediated  up-regulation  of  PS2  mRNA 
(Figure  3A). 

Recruitment  of  ERa  and  SRC3  at  the 
promoter  ofTFFl  gene  after  treatment  with 
BP  and  BPA 

To  understand  the  differences  in  the  molecular  mechanism  of 
the  transcriptional  activation  of  PS2  gene  in  vivo  by  BP  and 
BPA  in  comparison  to  E2  and  40HT  treatment,  we  performed 
ChIP  assay  to  evaluate  the  recruitment  of  ERa  and  SRC3  at 
the  promoter  region  of  FFF1  ( PS2 )  gene  (Figure  3B)  which  has 
a  well-characterized  functional  oestrogen-responsive  element 
(ERE)  (Metivier  etal.,  2002).  MCF7  cells  were  treated  with 
either  0.1%  ethanol  (veh),  E2  (10  9  M),  40HT  (10  6  M),  BP 
(10  6  M  or  105  M)  or  BPA  (10  6  M  or  105  M)  for  45  min  and 
thereafter  harvested  for  ChIP  assay.  The  results  (Figure  3C) 


reveal  that  both  concentrations  of  BPA  (10-6  M  and  10-5  M) 
recruited  ERa  to  the  PS2  promoter  with  ERE  in  a 
concentration-dependent  manner  which  was  equivalent  to 
results  obtained  with  E2  treatment.  In  contrast,  BP  did  not 
show  a  concentration-related  effect  and  the  levels  of  ERa 
plateaued  at  50%  of  either  E2  or  BPA  (Figure  3C).  Recruitment 
of  the  coactivator,  SRC3  (AIB1),  which  plays  a  key  role  in 
transcriptional  activation  of  several  oestrogen-regulated 
genes,  including  PS2  gene  (Shao  etal.,  2004;  Fabhart  etal., 
2005),  followed  the  similar  pattern  as  the  ERa  (Figure  3D). 
BPA  treatment  at  both  the  concentrations  (10-6  M  or  10'5  M) 
recruited  SRC3  in  a  concentration-dependent  manner  to 
become  equivalent  to  levels  observed  with  E2  treatment 
whereas  BP  treatment  (both  concentration)  plateaued  at  50% 
of  E2  or  BPA  recruitment  levels  (Figure  3D).  As  expected, 
40HT  treatment  did  not  recruit  SRC3  and  was  comparable  to 
vehicle  treatment.  The  ChIP  data  correlates  very  well  with  the 
observed  pattern  of  transcriptional  activation  of  PS2  gene 
(Figure  3A)  under  same  treatment  conditions. 

Differential  induction  of  transforming  growth 
factor  alpha  (TGFa)  gene  by  BP  and  BPA  in 
MDA  :  MB-231  cells  stably  transfected  with 
wild-type  (wt)  ERa  or  D351G  mutant  ERa 

Previous  studies  from  our  laboratory  have  established  an  in 
vitro  system  to  evaluate  and  differentiate  the  conformation  of 
liganded  ERa  induced  by  planar  and  non-planar  ligands 
(Jordan  etal.,  2001).  Activation  of  FGFa  gene  in  MDA  :  MB 
231  cells  stably  transfected  with  wt  ERa  (MC2  cells)  or 
mutant  ERa  (JM6  cells,  D351G;  which  has  the  aspartate  sub¬ 
stituted  with  glycine  at  amino  acid  351),  is  used  as  a  marker 
to  distinguish  the  ERa  interactions  between  planar  and  non- 
planar  oestrogen  ligands  (Jordan  etal.,  2001).  We  treated  the 
MC2  and  JM6  cells  with  increasing  concentrations  of  BP  and 
BPA  and  measured  the  FGFa  induction  in  these  cells.  E2  was 
used  as  a  positive  control.  In  MC2  cells,  (wt  ERa),  all  the 
tested  ligands  induced  FGFa  transcripts  level  to  similar  levels 
(Figure  4A).  Induction  of  FGFa  by  BPA  was  observed  at  higher 
concentrations  whereas  BP  and  E2  had  similar  effects 
(Figure  4A).  On  the  other  hand,  in  JM6  cells  (mutant;  D351G 
ERa),  BP  failed  to  induce  FGFa  transcription  even  at  higher 
concentrations  (Figure  4B),  whereas  E2  and  BPA  treatment 
induced  TGFa  (Figure  4B),  although  the  maximal  induction 
with  BPA  was  observed  at  higher  concentration  (10-5  M) 
which  was  less  than  50%  of  E2  treatment.  We  further  con¬ 
firmed  that  E2-induced  FGFa  stimulation  in  JM6  cells  was 
completely  blocked  by  BP  and  40HT  in  a  dose-dependent 
manner;  whereas  co-treatment  of  BPA  in  presence  of  E2  failed 
to  inhibit  it  (Figure  4C). 

Molecular  docking  of  BP  and  BPA  to  the  LBD 
of  ERa 

To  determine  the  binding  mode  of  BPA  and  BP  to  ERa,  the 
ligands  were  docked  to  the  agonist  and  antagonist  conforma¬ 
tions  of  the  receptor.  The  experimental  structure,  3ERT,  was 
selected  from  protein  database  for  the  antagonist  conforma¬ 
tion  of  ERa  (Figure  5A)  containing  40HT,  while  for  the 
agonist  conformation,  two  experimental  structures  were 
selected,  namely  the  receptor  cocrystallized  with  E2,  1GWR 
(Figure  5B)  and  DES,  3ERD  (Figure  5C)  respectively. 
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Figure  3 

Regulation  of  PS2  ( TFF1 )  gene  by  bisphenol  (BP),  bisphenol  A  (BPA)  compared  with  1  7p-oestradiol  (E2)  and  4-hydroxy-tamoxifen  (40HT)  and 
recruitment  of  oestrogen  receptor  alpha  (ER  alpha)  and  steroid  receptor  coactivator-3  (SRC3)  at  the  oestrogen-responsive  element  (ERE)  of 
proximal  promoter  of  PS2  gene  followed  by  45  min  treatments  of  bisphenol  (BP),  bisphenol  A  (BPA)  compared  with  1  7(3-oestradiol  (E2)  and 
4-hydroxy-tamoxifen  (40HT)  in  MCF7  cells.  (A)  MCF7  cells  were  treated  with  indicated  treatments  for  4  h  and  harvested  for  total  RNA.  Total  RNA 
was  reverse  transcribed  and  assessed  for  PS2  gene  expression  levels  using  RT-PCR.  36B4  gene  was  used  as  an  internal  control.  All  values  are 
represented  in  terms  of  fold  difference  versus  vehicle  treatment.  ( *P<  0.05  vs.  vehicle  treatment;  #P<  0.05  vs.  1  juM  BPA  and  10  pM  BP  treatment) 

(B)  Schematic  representation  of  the  PS2  proximal  promoter  containing  an  ERE  (grey  box)  and  the  black  bars  represent  the  primers  used  for  RT-PCR. 

(C)  Recruitment  of  ERa  at  the  PS2  proximal  promoter,  by  ChIP  assay  after  45  min  of  indicated  treatment.  (*P  <  0.05  vs.  vehicle  treatment;  #P  < 
0.05  vs.  1  pM  BPA  and  10  juM  BP  treatment)  (D)  Recruitment  of  SRC3  at  the  PS2  proximal  promoter,  by  ChIP  assay  after  45  min  of  indicated 
treatment.  All  the  values  are  representated  as  percent  input  of  the  starting  chromatin  material  and  after  subtracting  the  IgG  control  for  each 
sample.  (*P  <  0.05  vs.  vehicle  treatment;  #P  <  0.05  vs.  1  jiM  BPA  and  10  juM  BP  treatment.) 


When  BPA  is  docked  to  the  antagonist  conformation, 
3ERT,  it  is  oriented  perpendicular  with  the  binding  pocket 
and  in  this  alignment  it  has  the  propensity  to  form  the 
H-bond  network  involving  E353,  R394  and  a  water  mole¬ 
cule  (Figure  5D).  Additionally,  a  hydrogen  bond  with  the 
hydroxyl  group  of  T347  is  formed.  In  this  alignment,  the 
binding  site  is  poorly  occupied  and  the  hydrophobic  contacts 
with  the  amino  acids  lining  the  bottom  of  the  binding  site  are 
missing. 

In  the  case  of  BPA,  two  highly  probable  binding  modes 
have  been  identified.  The  first  one  has  been  mostly  predicted 


when  the  ligand  has  been  docked  into  the  binding  sites  of 
ERa  cocrystallized  with  E2  and  DES,  the  structure  3ERD_e 
using  the  SP  mode.  The  ligand  is  placed  across  the  binding 
site  in  a  similar  orientation  with  the  native  ligands,  having 
the  two  methyl  groups  involved  in  hydrophobic  contacts 
with  the  side  chains  of  amino  acids  W383,  L384,  L525  and 
L540.  Also,  BPA  forms  H-bonds  with  H524  and  E353 
(Figure  5E).  When  docking  calculations  have  been  run  in  the 
XP  mode  of  Glide  a  second  alignment  of  the  top  tanked  poses 
in  the  binding  site  of  3ERD_e  and  3ERD_5  has  been  noticed. 
This  orientation  involves  the  formation  of  H-bonds  between 
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the  hydroxyl  groups  of  BPA  and  amino  acids  G521,  E353  and 
R394  (Figure  5F).  Apart  from  the  H-bonds  formation,  the 
methyl  groups  are  involved  in  hydrophobic  contacts  with 
amino  acids  F346,  F404  and  F428.  Also,  this  binding  mode 
has  been  encountered  for  6  out  of  10  poses  resulted  from  the 
docking  of  BPA  into  the  experimental  structure  1GWR. 

The  predicted  binding  modes  of  BP  to  the  open  and 
closed  conformation  of  ER  are  similar,  forming  the  H-bond 
network  between  E353,  R394  and  the  highly  ordered  water 
molecule  and  an  additional  H-bond  with  the  hydroxyl  group 


Figure  4 

Induction  of  TGFa  mRNA  by  1  7(3-oestradiol  (E2),  bisphenol  (BP)  and 
bisphenol  A  (BPA)  in  MDA  :  MB  231  cells  stably  transfected  with  wild 
type  ERa  (MC2  cells)  or  D351 G  mutant  ERa  (JM6  cells).  (A)  MC2  cells 
were  treated  with  (E2),  (BP)  or  BPA  at  indicated  concentration  for 
48  h  and  cells  were  harvested  for  total  RNA.  Total  RNA  was  reverse 
transcribed  and  real  time  PCR  (RT-PCR)  was  performed  to  assess  the 
expression  of  TGFa  using  36B4  as  an  internal  control.  The  values  are 
presented  as  fold  difference  versus  vehicle  treated  cells.  (B)  JM6  cells 
were  treated  with  (E2),  (BP)  or  (BPA)  at  indicated  concentrations  for 
48  h  and  cells  were  harvested  for  total  RNA.  Total  RNA  was  reverse 
transcribed  and  RT-PCR  was  performed  to  assess  the  expression  of 
TGFa  using  36B4  as  an  internal  control.  The  values  are  presented  as 
fold  difference  versus  vehicle  treated  cells.  (*P  <  0.05  vs.10'5  M  BP 
treatment)  (C)  JM6  cells  were  treated  with  E2  alone  or  in  combina¬ 
tion  with  different  concentration  of  BP,  BPA  or  40HT  as  indicated  for 
48  h.  The  values  are  presented  as  percentage  of  expression  of  TGFa 
mRNA  considering  the  E2-induced  levels  as  100%.  (*P  <  0.05  vs. 
1  nM  E2  and  1  nM  E2  +10'6  M  BPA  treatment.) 

◄ - 


of  T347  (Figure  5G-I).  The  composite  score,  Emodel,  shows 
that  BP  is  better  accommodated  in  the  binding  site  of  the 
open  or  antagonist  conformation  of  ERa  and  it  is  more  likely 
for  the  ligand  to  bind  at  this  conformation  of  ER.  Similar 
results  have  been  obtained  using  the  induced  fit  docking 
method,  which  accounts  for  both  the  ligand  and  protein 
flexibility  (Maximov  etal,  2010). 

The  comparative  analysis  of  the  composite  score  Emodel 
for  the  agonist  and  antagonist  top  ranked  docking  poses  of 
BPA  has  shown  that  the  binding  mode  predicted  for  the 
antagonist  conformation  is  highly  improbable  and  it  is  more 
likely  for  BPA  to  bind  to  a  conformation  of  ERa  closely  related 
with  the  agonist  one.  Two  distinct  binding  modes  of  BPA  to 
the  agonist  conformations  of  ERa  have  been  predicted  with 
tight  Emodel  scores  and  cannot  be  clearly  discriminated 
which  alignment  is  correct  or  at  least  with  the  highest  prob¬ 
ability  of  being  right.  The  docking  scores  calculated  for  E2, 
DES  and  BPA  shows  the  binding  affinity  of  BPA  to  ERa  is 
much  lower  when  compared  with  the  binding  affinities  of  E2 
or  DES  to  ERa. 

Comparative  analysis  of  regulation  of 
apoptotic  genes  by  BP,  BPA,  40HT  and  E2 
in  MCF7  :  5C  cells  using  apoptotic  gene 
RT-PCR  profiler 

We  thereafter  determined  the  effect  of  BP  and  BPA  treatment 
in  regulating  the  apoptosis  related  genes  in  MCF7  :  5C  cells 
and  compared  it  with  E2  and  40HT  as  a  positive  and  negative 
inducer  of  apoptosis  respectively.  We  used  the  RT-PCR  profiler 
assay  kits  for  apoptosis  from  a  commercial  vendor  which 
uses  384  well  plates  to  profile  the  expression  of  370  apop¬ 
tosis  related  human  genes  (Qiagen;  SABiosciences  Corp.; 
Cat#330231  PAHS-3012E).  To  select  a  single  time  point  of 
treatment  with  the  ligands,  we  first  treated  the  MCF7  :  5C 
cells  with  E2  (10'9  M)  for  24,  48  and  72  h  (in  triplicate)  and 
created  an  apoptotic  gene  signature  throughout  these  time 
points  after  comparing  them  with  vehicle  treatment  (Sup¬ 
porting  Information  Figure  SI  A,  B,  C  and  Supporting  Infor¬ 
mation  Table  SI).  This  gene  signature  was  generated  by 
comparing  the  expression  level  of  all  the  genes  with  vehicle 
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Figure  5 

Molecular  docking  of  bisphenol  (BP)  and  bisphenol  A  (BPA)  with  ERa  ligand  binding  domain.  Cross-sectional  representations  of  ERa  binding  sites 
in  the  antagonist  (A)  with  40HT  and  agonist  (B,  C)  with  1  7p-oestradiol  and  DES  conformations.  The  top  ranked  docking  poses  of  BPA  into  the 
binding  site  of  3ERT  (D),  1GWR  (E),  3ERD  (F)  are  displayed  with  C  atoms  coloured  in  magenta  while  the  best  docking  solutions  of  BP  computed 
for  3ERT  (G),  1GWR  (H),  3ERD  (I)  are  represented  with  C  atoms  coloured  in  blue.  The  amino  acids  involved  in  H-bond  contacts  are  depicted  as 
sticks  and  the  rest  of  the  amino  acids  lining  the  binding  site  are  shown  as  lines  having  the  C  atoms  coloured  in  gray.  Only  polar  hydrogen  atoms 
are  shown,  for  simplicity. 


treatment  and  selecting  the  genes  which  were  at  least  2.5-fold 
overexpressed  or  underexpressed  as  compared  to  vehicle 
treated  cells.  The  fold  change  was  calculated  by  delta-delta  Ct 
method  using  the  web  based  tool,  RT2  profile  PCR  array  data 
analysis  version  3.5  (Qiagen;  SABiosciences  Corp.). 

After  carefully  analysing  the  gene  list  generated  by  E2 
treatments  over  the  above  said  time  period,  we  selected  48  h 
as  the  time  point  to  treat  MCF7  :  5C  cells  with  BP,  BPA  and 
40HT  and  compare  the  expression  of  the  apoptosis  related 
genes  with  the  gene  signature  of  the  E2  treatment  at  48  h. 
This  particular  time  point  was  selected  because  the 
MCF7  :  5C  cells  undergo  apoptotic  changes  after  E2  treat¬ 
ment  during  this  time  period  (Lewis  etal,  2005)  and  also 
because  after  48  h  of  E2  treatment,  the  cells  are  committed  to 
apoptosis,  as  40HT  treatment  cannot  rescue  these  cells  after 
this  time  point  (unpublished  observations). 


Next,  we  analysed  the  changes  in  the  overall  expression 
profiles  of  apoptotic  genes  by  E2,  40HT,  BP  and  BPA  versus 
vehicle  (Veh)  treatment  at  48  h  (Supporting  Information 
Figure  S2A,  B,  C  and  D  respectively)  using  the  same  apoptosis 
RT  profiler.  For  any  gene  to  be  considered  as  differentially 
expressed,  we  set  the  cut-off  as  2.5-fold  up-  or  down- 
regulation  versus  the  vehicle  treatment.  Using  this  criterion, 
we  created  a  gene  list  for  up-regulated  and  down-regulated 
genes  for  each  treatment  group  (Supporting  Information 
Table  S2).  We  thereafter  generated  a  heat  map  (Figure  6)  in 
which  we  selected  all  the  genes  which  were  at  least  2.5-fold 
up-  or  down-regulated  by  E2  treatment  and  compared  it  with 
other  ligand  treatments.  This  heat  map  clearly  demonstrates 
that  the  genes  which  are  up-regulated  at  least  2. 5 -fold  after 
48  h  of  E2  treatment  are  not  up-regulated  in  40HT  or  BP 
treatment.  In  contrast,  the  majority  of  the  genes  up-regulated 
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Figure  6 

Heat  map  of  apoptotic  genes  which  are  at  least  2.5-fold  up-  or  down-regulated  by  48  h  of  treatment  of  1 7p-oestradiol  1 0'9  M  (E 2),  versus  vehicle 
and  its  relative  comparison  of  their  expression  with  4-hydroxy  tamoxifen,  10'6  M  (40HT),  bisphenol,  10'6  M  (BP)  and  bisphenol  A,  10'6  M  (BPA) 
treatment  after  48  h  in  MCF7  :  5C  cells.  The  maximum  expressed  level  of  any  given  gene  is  represented  by  red  colour  and  minimum  levels  are 
presented  as  green  colour.  Control  group  and  group  1,  2,  3,  4  are  the  representation  of  the  vehicle,  E2,  40HT,  BP  and  BPA  treatments  respectively. 
The  gene  expression  levels  in  each  treatment  group  are  the  average  of  three  independent  biological  replicates. 


by  BPA  treatment  were  shown  to  be  the  same  genes 
up-regulated  by  the  E2  treatment.  Many  of  these  genes  are 
up-regulated  by  BPA  to  the  similar  extent  as  E2  and  others 
show  a  distinct  trend  of  overexpression  as  compared  to 
vehicle  (Figure  6).  Nevertheless,  down-regulated  genes  follow 
a  different  pattern.  The  pattern  of  genes  down-regulated  by 
BP  treatment  resembles  the  pattern  observed  with  E2  and  BPA 
treatment  and  not  with  the  pattern  of  40HT  treatment 
(Figure  6  and  Supporting  Information  Table  S2).  Approxi¬ 
mately,  53  and  61%  of  down-regulated  genes  are  in  common 
with  E2  treatment  and  with  the  treatment  of  BP  and  BPA 
respectively  (Supporting  Information  Table  S2). 

Discussion 

The  chemical  structures  of  the  ligands  which  bind  to  ERa  are 
critical  in  determining  the  biological  effects  in  the  oestrogen- 
responsive  cells  and  tissues.  Minor  changes  in  the  ligand 
structures  can  alter  the  way  these  ligands  interact  with  the 
ERa  protein  and  transform  the  conformation  of  the  liganded 


-ERa  complex  in  the  cells.  Structure-function  relationships 
have  been  studied  extensively  using  various  biological  end¬ 
points,  such  as  modulation  of  prolactin  gene  expression  in 
primary  cell  cultures  of  rat  pituitary  glands  (Jordan  and 
Lieberman,  1984;  Jordan  etal,  1984;  1986),  or  TGFa  activa¬ 
tion  in  stably  transfected  wt  and  mutant  ERa  in  MDA  :  MB 
231  cells  (Jordan  etal.,  2001).  The  current  study  dissects, 
compares  and  contrasts  the  mechanism  of  action  of  BP  and 
BPA,  two  structurally  similar  ligands  of  ERa,  which  have 
opposing  effects  on  apoptosis  but  not  on  the  growth  of 
oestrogen-responsive  breast  cancer  cells. 

The  results  of  this  study  established  that  unlike  BPA  and 
E2,  BP  was  not  functioning  as  an  oestrogen-agonist  in  induc¬ 
ing  apoptosis  in  MCF7  :  5C  cells  while  both  compounds  (BPA 
and  BP)  were  oestrogenic  in  inducing  growth  in  MCF7  cells. 
This  clearly  indicated  differential  requirement  of  ERa  medi¬ 
ated  molecular  action  to  achieve  two  distinct  physiological 
responses  in  the  breast  cancer  cells.  Activation  of  oestrogen- 
responsive  gene  PS2  by  these  compounds  in  MCF7  cells  sug¬ 
gested  that  higher  concentrations  of  BPA  was  as  effective  as 
E2  but  BP  treatment  failed  to  achieve  E2-like  stimulation, 
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even  with  higher  concentration.  This  phenomenon  was 
observed  because  BP  has  a  high  ERa  binding  affinity  and  can 
maximally  induce  PS2  gene  at  lower  concentration  and 
raising  the  concentration  did  not  enhance  the  induction 
because  it  failed  to  recruit  sufficient  coactivator  (SRC3)  at  the 
PS2  gene  promoter.  This  was  most  likely  due  to  insufficient 
ERa  recruitment  at  the  promoter  and  inaccessibility  of  the 
coactivator  interacting  surface  of  BP-liganded  ERa.  A  recent 
study  (Bourgoin-Voillard  et  al.,  2010)  however,  suggested  that 
BP-liganded  ERa  cannot  bind  to  a  peptide  containing  the 
coactivator  interacting  domain.  This  discrepancy  can  be 
attributed  to  the  fact  that  our  studies  were  performed  in  live 
cells  chromatin  as  opposed  to  using  an  in  vitro  ELISA  based 
system.  This  indicates  that  binding  of  liganded  ERa  and  its 
interaction  with  other  coregulators  can  be  modulated  by 
other  factors  involved  in  transcriptional  complex. 

On  the  other  hand,  BPA  at  higher  concentration  engaged 
SRC3  to  a  similar  level  as  E2  treatment.  The  fact  that  higher 
concentration  of  BPA  was  required  to  recruit  ERa  and  SRC3 
to  the  similar  levels  as  E2  treatment  is  because  its  binding 
affinity  with  ERa  is  very  low  (RBA,  0.073)  (Routledge  et  al., 
2000)  and  therefore  higher  concentrations  of  the  ligand  is 
required  to  drive  the  kinetics  towards  the  activated  state.  In 
the  case  of  BP,  it  has  a  strong  binding  affinity  to  the  ERa 
(RBA,  96.0)  (Jordan  etal.,  1984)  and  therefore  maximal  acti¬ 
vation  is  achieved  at  lower  concentration  and  increasing 
concentration  do  not  enhance  the  activation.  Overall,  these 
results  indicate  that  binding  mode  of  BPA  and  E2  are  similar 
whereas  BP  might  bind  differently  to  ERa.  Indeed,  our 
molecular  docking  studies  determined  that  BPA  binds  to  the 
ERa  in  two  possible  ways,  both  similar  to  agonistic  mode  of 
binding.  Also  docking  scores  calculated  in  this  study  pre¬ 
dicted  very  low  binding  affinity  of  BPA  to  ERa,  which  is  in 
excellent  agreement  with  previous  reports  (Gould  etal., 
1998;  Kuiper  etal.,  1998;  Kitamura  etal.,  2005).  In  contrast, 
modelling  studies  suggested  antagonistic  mode  of  binding 
(as  in  40HT)  for  BP  to  the  ERa.  To  confirm  the  molecular 
modelling,  we  used  a  biological  model  system  which  can 
distinguish  between  planar  and  angular  oestrogen  ligands 
(Jordan  etal.,  2001;  Bentrem  etal.,  2003)  by  measuring  the 
transcriptional  activation  of  TGFa  in  MDA  :  MB  231  cells 
stably  transfected  with  wt  ERa  (MC2  cells)  or  mtERa 
(D351G)  QM6  cells).  Results  (Figure  4B)  show  that  BP  treat¬ 
ment  failed  to  activate  TGFa  transcription  similar  to  40HT 
(Jordan  etal.,  2001)  in  JM6  cells  whereas  BPA  treatment  was 
similar  to  E2  action,  albeit  with  lower  potency.  This  consoli¬ 
dated  our  finding  that  the  mode  of  action  of  BP  is  more  like 
40HT  rather  than  E2.  Importantly,  the  structure  of  BP  is 
identical  to  40HT  except  for  the  basic  dimethylamine- 
ethoxy  side  chain.  The  absence  of  the  side  chain  contributes 
towards  the  enhanced  oestrogenic  properties  of  BP  with  AF-1 
fully  engaged  in  ER  responses  to  stimulate  growth,  as  H12  of 
the  ERa  protein  liganded  with  BP  may  not  be  properly 
restrained.  This  contrasts  with  40HT  or  RAL,  where  the 
restricted  structure  of  the  coactivator-interacting  interface  for 
binding  of  SRC3  or  the  other  coactivators  now  has  limited 
AF-1  and  AF-2  activity  for  growth.  Of  note,  40HT  and 
BP-liganded  ERa  was  less  efficiently  recruited  to  the  PS2  pro¬ 
moter  ERE  which  may  also  contribute  towards  lesser  recruit¬ 
ment  of  SCR3  for  BP  as  recruitment  of  ERa  precedes  the 
coactivator  binding  (Metivier  etal.,  2003). 


The  fact  that  SRC3  is  essential  for  E2-induced  apoptosis  in 
the  MCF7  :  5C  cells  (Hu  etal.,  2011)  as  well  as  E2-mediated 
growth  of  MCF7  cells  (List  etal.,  2001)  coupled  with  the 
findings  of  this  study,  leads  to  the  hypothesis  that  the 
oestrogen-mediated  growth  of  MCF7  cells  is  more  sensitive 
and  can  be  induced  even  if  the  conformation  of  the  liganded- 
ERa  complex  allows  only  partial  interaction  of  coactivators  as 
in  case  of  BP  binding.  In  contrast,  complete  and  robust  inter¬ 
action  of  coactivator  with  the  liganded-ERa  complex  must  be 
needed  for  rapid  induction  of  apoptosis  in  MCF7  :  5C  cells. 

Indeed,  using  an  'apoptosis'  pathway  focused  RT-PCR 
based  profiler  consisting  of  370  genes,  this  study  further 
illustrated  that  apoptosis  related  genes  were  similarly 
up-regulated  by  E2  and  BPA  treatments  after  48  h  of  treat¬ 
ment  whereas  BP  and  40HT  showed  very  few  up-regulated 
genes  and  the  TPE  based  compounds  did  not  have  a  similar 
profile  of  up-regulated  genes  during  this  time  frame.  By  com¬ 
paring  the  gene  list  (Supporting  Information  Table  S2),  which 
includes  all  the  genes  up-  or  down-regulated  at  least  2.5-fold 
by  the  treatments,  it  is  evident  that  66%  of  up-regulated 
genes  are  common  between  E2  and  BPA  treatment,  whereas 
only  8%  genes  are  commonly  up-regulated  by  BP  or  40HT 
treatment. 

Interestingly,  a  different  pattern  was  observed  for  the 
down-regulated  genes  as  both  BP  and  BPA  treatment  exhib¬ 
ited  common  down-regulated  genes  as  E2  and  distinctly  dif¬ 
ferent  from  40HT.  This  suggests  that  the  conformational 
requirement  of  liganded  ERa  may  be  different  for  up- 
regulation  and  down-regulation  of  genes.  Furthermore,  it 
indicates  that  the  up-regulated  apoptotic  genes  are  responsi¬ 
ble  for  triggering  and  executing  apoptosis  since  up-regulated 
genes  are  differentially  regulated  by  BP  and  BPA  but  not  the 
down-regulated  genes.  These  observations  merits  further 
investigations. 

By  employing  structurally  related  ligands  and  using 
MCF7  :  5C  and  parental  MCF7  cells,  we  have  demonstrated 
that  depending  upon  the  biological  response,  the  same  mol¬ 
ecule  can  function  as  an  E2-antagonist  or  agonist  respec¬ 
tively.  Based  on  these  data,  it  is  reasonable  to  speculate  that 
genistein  and  related  phytoestrogens  may  also  induce  apop¬ 
tosis  in  MCF7  :  5C  cells  as  their  binding  to  ERa  LBD  is  similar 
as  E2  and  DES  (Gao  etal.,  2012)  and  function  as  type  I 
oestrogens  (Bentrem  etal.,  2003).  In  conclusion,  this  study 
provides  evidence  that  binding  of  ERa  with  different  ligands 
that  programme  conformational  changes  of  the  liganded- 
ERa,  determines  the  transcriptional  profile  of  the  responsive 
genes  by  virtue  of  interaction  with  coregulators. 
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Figure  SI  Representation  of  E2  (1  nM)  regulated  apoptotic 
genes  in  MCF7  :  5C  cells  at  24,  48  and  72  h  of  treatment 
versus  vehicle  treatment  using  volcano  plots. 

Figure  S2  Representation  of  17(3-oestradiol  10-9  M  (E2), 
4-hydroxy  tamoxifen,  10-6  M  (40HT),  bisphenol,  10-6  M  (BP) 
and  bisphenol  A,  10-6  M  (BPA)  regulated  apoptotic  genes  in 
MCF7  :  5C  cells  after  48  h  of  treatment  versus  vehicle  using 
volcano  plots. 

Figure  S3  Dose  dependent  effect  of  BP  (at  various  concen¬ 
trations  between  10-8  M  and  10-7  M)  on  E2  (1  nM)-induced 
apoptosis  in  MCF7  :  5C  cells,  treated  over  a  6-day  period.  The 
growth  is  measured  as  percent  of  DNA  present  in  each  well; 
vehicle  treated  cells  were  considered  as  100%. 

Table  SI  Gene  list  of  E2  (1  nM)  regulated  apoptotic  genes  in 
MCF7  :  5C  cells  at  24,  48  and  72  h  of  treatment  versus  vehicle 
treatment. 

Table  S2  Gene  list  of  17(3-oestradiol,  10-9  M  (E2),  4-hydroxy 
tamoxifen,  10-6  M  (40HT),  bisphenol,  10-6  M  (BP)  and 
bisphenol  A,  10-6  M  (BPA)  regulated  apoptotic  genes  in 
MCF7  :  5C  cells  after  48  h  of  treatment  versus  vehicle. 
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Abstract 

High-dose  synthetic  estrogens  were  the  first  successful  chemical  therapy  used  in  the  treatment  of  metastatic 
breast  cancer  in  postmenopausal  women,  and  this  approach  became  the  standard  of  care  in  postmenopausal  women 
with  metastatic  breast  cancer  between  the  1950s  and  the  end  of  the  1970s.  The  most  recent  analysis  of  the 
Women’s  Health  Initiative  estrogen-alone  trial  in  hysterectomized  women  revealed  a  persistently  significant  de¬ 
crease  in  the  incidence  of  breast  cancer  and  breast  cancer  mortality.  Although  estrogens  are  known  to  induce  the 
proliferation  of  breast  cancer  cells,  we  have  shown  that  physiologic  concentrations  induce  apoptosis  in  breast  can¬ 
cer  cells  with  long-term  estrogen  deprivation.  We  have  developed  laboratory  models  that  illustrate  the  new  biology 
of  estrogen-induced  apoptosis  or  growth  to  explain  the  effects  of  estrogen  therapy.  The  key  to  the  success  of  es¬ 
trogen  therapy  lies  in  a  sufficient  period  of  withdrawal  of  physiologic  estrogens  (5-10  y)  and  the  subsequent  re¬ 
growth  of  nascent  breast  tumor  cells  that  survive  under  estrogen-deprived  conditions.  These  nascent  tumors  are 
now  vulnerable  to  estrogen-induced  apoptosis. 

Key  Words:  Breast  cancer  -  Estradiol  -  Women’s  Health  Initiative  -  Apoptosis. 


Despite  the  extensive  progress  made  in  the  manage¬ 
ment  of  breast  cancer,  it  still  remains  the  most  com¬ 
mon  cause  of  cancer  and  the  second  leading  cause  of 
cancer  deaths  in  women  in  the  United  States.  An  estimated 
230,480  new  cases  of  invasive  breast  cancer  and  an  estimated 
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57,650  cases  of  breast  carcinoma  in  situ  were  projected  to 
occur  in  201 1.1  In  addition,  approximately  39,520  women 
were  expected  to  die  of  breast  cancer  in  20 1 1 . 1  Multiple  risk 
factors  for  breast  cancer  have  been  established,  and  estrogen 
is  a  key  growth  stimulus  in  the  development  and  progression 
of  the  disease.  Beatson2  in  1896  provided  the  first  medical 
evidence  of  the  estrogen  dependency  of  breast  cancer.  The 
conclusion  that  a  woman’s  ovaries  provided  the  fuel  that 
maintained  breast  cancer  was  based  on  the  observed  remission 
of  advanced  breast  tumors  in  a  premenopausal  woman  who 
underwent  bilateral  oophorectomy.  Boyd3  surveyed  ah  known 
cases  in  1900  and  concluded  a  30%  response  rate  of  breast 
cancer  to  any  anti-hormone  therapy  (HT) — a  figure  that  has 
stood  the  test  of  time.  Animal  models  provided  further  evi¬ 
dence  on  the  role  of  estrogens  in  breast  cancer  growth.  Lathrop 
and  Loeb4  in  1916  observed  a  decrease  in  the  occurrence  of 
mammary  carcinomas  in  castrated  immature  female  mice. 
Estrogen,  an  ovarian  hormone,  was  subsequently  extracted 
and  purified,  and  it  induced  vaginal  comification  in  ovariec- 
tomized  mice.5  This  advancement  elucidated  the  biological 
properties  of  synthetic  estrogens  using  ovariectomized  mice, 
therefore  establishing  a  connection  between  the  mitogenic  po¬ 
tential  of  estrogens  and  breast  cancer.  The  strategy  of  tar¬ 
geting  the  estrogen  receptor  (ER)  has  led  to  the  discovery  of 
endocrine  therapies  that  either  block  estrogen  action  by  using 
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selective  ER  modulators  (SERMs)  or  deprive  the  ER  of 
estrogens  by  using  aromatase  inhibitors  (AIs).6  Anti-HTs  re¬ 
main  the  gold  standard  of  care  in  the  treatment  and  prevention 
of  ER-positive  breast  cancer.7 

WOMEN’S  HEALTH  INITIATIVE:  RISKS 
AND  BENEFITS 

The  use  of  HT  continues  to  be  a  source  of  controversial 
debate.  The  Women’s  Health  Initiative  (WHI)8  is  a  set  of 
clinical  studies  designed  to  investigate  and  develop  strategies 
for  the  prevention  and  control  of  common  causes  of  morbid¬ 
ity  and  mortality  in  postmenopausal  women.  The  WHI  was 
initiated  in  1991  with  a  tentative  end  date  in  2007  to  provide 
research  findings  on  the  effects  of  postmenopausal  HT,  cal¬ 
cium  and  vitamin  D  supplements,  and  diet  modification  on 
cardiovascular  disease,  osteoporosis,  breast  cancer,  and  colo¬ 
rectal  cancer.  The  HT  arm  of  the  study  includes  a  random 
assignment  of  27,500  women  either  to  placebo,  estrogen  plus 
progestin  (HT),  or  estrogen  alone  (estrogen  therapy  [ET]; 
for  hysterectomized  women).  The  principal  outcomes  of  the 
study  were  the  incidences  of  coronary  heart  disease  (CHD) 
and  osteoporosis,  with  breast  cancer  as  a  potential  adverse 
outcome.8  To  date,  this  is  the  largest,  randomized,  placebo- 
controlled  trial  that  conducted  parallel  studies  to  assess  the 
outcomes  of  combined  HT  and  estrogen-alone  therapy.9 

Estrogen-plus-progestin  therapy 

Treatment  with  HT  was  associated  with  elevated  overall 
risks.  CHD  is  a  leading  cause  of  death  in  postmenopausal 
women,  and  previous  animal  studies  have  shown  that  estro¬ 
gen  treatment  has  the  potential  to  prevent  the  development 
of  coronary  atherosclerosis.10  Therefore,  the  results  of  the  ef¬ 
fect  of  HT  on  CHD  were  highly  awaited.  Women  received 
conjugated  equine  estrogens  (CEE)  0.625  mg/day  plus  med¬ 
roxyprogesterone  or  placebo  2.5  mg/day.  After  a  mean  follow-up 
of  5.2  years,  the  trial  was  terminated  because  not  only  was 
the  combination  therapy  not  cardioprotective  but  HT  also 
elevated  the  risk  of  CHD  (hazard  ratio  [HR],  1.24;  95%  Cl, 
1-1.54),  which  was  most  apparent  at  1  year  of  therapy.11 
Furthermore,  HT  was  associated  with  a  doubled  risk  of  ve¬ 
nous  thrombosis12  and  an  increased  risk  of  stroke,13  and  it 
did  not  confer  protection  against  peripheral  arterial  disease,14 
dementia,  and  cognitive  decline.15  Combined  HT  increased 
total  breast  cancer  (HR,  1.24;  P  <  0.001)  and  invasive  breast 
cancer  (HR,  1.24;  P  =  0.003)  compared  with  placebo  after 
5  years  of  therapy.16  The  breast  cancers  in  the  group  receiv¬ 
ing  HT  were  diagnosed  initially  at  a  slightly  lower  rate  dur¬ 
ing  the  first  2  years  of  the  study  but  subsequently  increased 
throughout  the  intervention  period.  The  elevated  risk  of 
breast  cancer  markedly  declined  soon  after  the  cessation  of 
combined  HT.17  Short-term  use  of  HT  was  associated  with  a 
decrease  in  colorectal  cancer  cases  when  compared  with  pla¬ 
cebo  (P  =  0.0003),  but  no  protective  effect  against  colorectal 
cancer  mortality  was  observed  during  the  8 -year  intervention 
period  and  the  follow-up  period.18  Although  HT  did  not  in¬ 
crease  lung  cancer  rates,19  more  women  from  the  combined 


therapy  group  died  of  lung  cancer,  in  particular  from  non-small 
cell  lung  cancer.  In  addition,  there  was  no  significant  difference 
in  the  incidences  of  endometrial  cancer  and  ovarian  cancer  in 
both  treatment  arms.20  The  benefits  of  HT  include  a  signifi¬ 
cantly  decreased  incidence  of  bone  fractures.21  Seven  hundred 
thirty-three  women  (8.6%)  in  the  estrogen-plus-progestin  group 
and  896  women  (11.1%)  in  the  placebo  group  developed  a 
fracture  (HR,  0.76;  95%  Cl,  0.69-0.83).  Total  hip  bone  mineral 
density  increased  by  3.7%  after  3  years  of  therapy  with  HT 
compared  with  0.14%  in  the  control  group  (P  <  0.001).  Current 
recommendations22  include  the  use  of  individualized  HT. 
HT  can  be  initiated  around  the  time  of  menopause  to  treat 
menopause-related  symptoms  and  to  prevent  osteoporosis  in 
high-risk  women.  Treatment  should  be  considered  in  con¬ 
junction  with  personal  risk  factors,  such  as  risk  of  venous 
thrombosis,  CHD,  stroke,  and  breast  cancer. 

Estrogen-alone  treatment 

Between  1993  and  1998,  10,739  postmenopausal  women 
aged  50  to  79  years  who  had  had  a  hysterectomy  were  treated 
with  0.625  mg  of  either  CEE  or  placebo.23  Despite  the  early 
termination  of  the  combined  hormone  trial,  the  WHI  ET  study 
continued  under  careful  scrutiny.  However,  in  February  2004, 
the  National  Institutes  of  Health  decided  to  terminate  the  in¬ 
tervention  phase  of  the  trial  before  the  scheduled  closeout 
interval  from  October  2004  to  March  2005.  The  primary  out¬ 
comes  of  the  trial  were  the  rate  of  CHD,  the  incidence  of  in¬ 
vasive  breast  cancer,  and  the  incidences  of  stroke,  pulmonary 
embolism,  colorectal  cancer,  hip  fractures,  and  death  from 
other  causes.  After  a  mean  follow-up  of  6.8  years,  no  signifi¬ 
cant  effect  of  ET  on  CHD  rates  was  observed  compared  with 
placebo.  During  the  active  intervention  period,  a  reduction  in 
coronary  events  occurred  in  women  assigned  to  ET  (HR,  0.95; 
95%  Cl,  0.79-1.16)  24  The  reduction  was  more  significant  in 
women  aged  50  to  59  years  (HR,  0.63;  95%  Cl,  0.36-1.08). 
However,  a  39%  increase  in  the  incidence  of  stroke  was  ob¬ 
served  in  the  ET  group  (P  =  0.07),  whereas  the  risk  of  venous 
thromboembolism  (VTE),  including  deep  venous  thrombosis 
and  pulmonary  embolism,  increased  by  33%  in  the  ET  arm, 
but  only  the  increased  rate  of  deep  venous  thrombosis  was 
statistically  significant  (P  =  0.03). 23  The  increased  risk  for 
VTE  was  most  apparent  in  the  first  2  years,  and  the  in¬ 
creased  risk  was  less  than  that  observed  for  the  estrogen- 
plus-progestin  study.25  Therefore,  ET  provided  no  overall 
protection  against  cardiovascular  disease  in  healthy  postmen¬ 
opausal  women.  Interestingly,  invasive  breast  cancer  was  di¬ 
agnosed  at  a  23%  lower  rate  in  the  ET  group  (26  vs  33  per 
10,000  person-years);  however,  this  did  not  reach  statistical 
significance  ( P  =  0.06).23  No  statistical  differences  in  colo¬ 
rectal  cancer  rates  or  total  cancer  rates  were  observed.  The 
major  positive  finding  in  the  ET  trial  in  2004  was  a  30% 
to  39%  reduction  in  the  rates  of  fractures  (HR,  0.70;  95% 
Cl,  0.63-0.79).  In  addition,  ET  did  not  significantly  affect 
overall  mortality  rate  or  cause-specific  mortality.  Results  from 
the  final  analysis  of  the  WHI  ET  trial26  showed  that  a  persis¬ 
tent  decrease  in  the  risk  of  breast  cancer  was  associated  with 
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ET  and  was  0.27%  per  year  compared  with  0.35%  per  year 
in  the  placebo  arm,  reaching  statistical  significance  (HR,  0.77; 
95%  Cl,  0.62-0.95)  after  a  median  follow-up  of  11.8  years. 
There  was  no  difference  between  intervention  HR  and  post¬ 
intervention  HR  (P  =  0.76).  Breast  cancer  risk  reduction  in 
the  ET  arm  was  most  apparent  in  women  without  benign 
breast  disease  (P  =  0.01)  or  a  family  history  of  breast  cancer 
(P  =  0.02).  Breast  cancer  mortality  was  reduced  in  the  ET 
group  (six  deaths,  0.009%  per  year)  compared  with  controls 
(16  deaths,  0.024%  per  year;  HR,  0.37;  95%  Cl,  0.13-0.91; 
P  =  0.03).  Fewer  women  in  the  ET  group  died  of  any  cause 
after  a  breast  cancer  diagnosis  than  did  women  in  the  placebo 
arm  ( P  =  0.04).  Although  breast  cancer  rates  and  mortality 
were  lower  for  women  who  received  ET,  beneficial  effects 
are  yet  to  be  determined  in  high-risk  groups,  and  adverse 
effects  of  stroke  and  VTE  remain  problematic.  HT  seemed 
to  have  more  risks,  and  the  only  clinical  benefit  was  the  redu¬ 
ction  of  osteoporosis,  whereas  ET,  in  addition  to  fracture  pre¬ 
vention,  decreased  the  incidence  of  and  mortality  from  breast 
cancer.  The  question  that  needs  to  be  addressed  is  whether  it 
is  possible  to  decipher  the  paradox  that  HT  and  ET  pro¬ 
duce  completely  different  biological  results  (ie,  HT  increases, 
whereas  ET  reduces,  the  incidence  of  breast  cancer).  If  clar¬ 
ity  is  possible,  perhaps  this  knowledge  can  be  used  appro¬ 
priately  to  help  women. 

CHEMICAL  THERAPY  FOR  THE  TREATMENT 
OF  BREAST  CANCER 

The  first  successful  chemical  therapy  used  to  treat  cancer 
was  discovered  by  Sir  Alexander  Haddow,  a  British-born  phy¬ 
sician.  Haddow27  grew  up  in  Broxburn,  a  small  town  1 0  miles 
west  of  Edinburgh,  Scotland.  He  became  motivated  to  study 
medicine  and  biology  after  he  was  admitted  to  a  hospital  for  a 
perforated  appendix  and  had  the  marvelous  opportunity  to  ob¬ 
serve  the  daily  visits  of  great  Edinburgh  surgeons  who  were 
inspired  to  make  a  difference  in  an  era  when  public  health  and 
hygiene  were  far  from  being  developed.  Upon  graduation  from 
medical  school,  he  assisted  with  routine  investigation  of  in¬ 
fections  from  the  entire  southeast  of  Scotland.  While  studying 
bacterial  colony  formation,  he  realized  its  resemblance  to  the 
formation  of  chemical  tumors  in  higher  forms.28  He  went  on  to 
study  the  influence  of  carcinogenic  substances  on  normal  and 
malignant  growth,  as  well  as  the  drug  resistance  of  cells  to 
resultant  tumors.  Incidentally,  he  found  that  many  carcino¬ 
genic  hydrocarbons  also  retarded  the  growth  of  malignant 
tumors.29  To  elucidate  the  molecular  mechanism  of  these 
compounds,  we  paid  particular  attention  to  the  inhibitory 
action  of  synthetic  estrogens.  In  that  era,  reviews  of  animal 
experiment  showed  that  treatment  of  animals  with  estrogens 
induced  carcinoma  of  certain  organs  such  as  the  cervix, 
utems,  and  breast.  The  paradoxical  action  of  estrogens  showing 
growth  properties,  induction  of  tumors,  and  growth-retarding 
effects  in  certain  circumstances  led  to  the  first  ever  reported 
clinical  trial30  in  1944.  Seventy-three  women  with  advanced 
cancer  were  recruited  to  the  study.  Forty  postmenopausal 
women  with  metastatic  breast  cancer  and  30  cases  of  malig- 
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nant  disease  in  other  organs  received  treatment  with  synthetic 
estrogens:  triphenylchlorethylene,  triphenylmethylethylene,  or 
stilbestrol.  Ten  of  22  women  with  advanced  breast  cancer 
treated  with  triphenylchlorethylene  showed  significant  regres¬ 
sion  of  the  tumors.  Breast  cancer  patients  treated  with  stilbestrol 
showed  that  5  of  14  cases  underwent  a  regression  of  tumors 
similarly  noted  with  triphenylchlorethylene.  Among  four  cases 
of  breast  cancer  treated  with  triphenylmethylethylene,  only 
one  showed  a  favorable  response.  Thirty  cases  of  advanced 
cancer — excluding  breast  cancer  but  including  cancer  of  the 
skin,  maxillary  antrum,  urinary  bladder,  ovary,  and  prostate, 
and  leukemia — were  treated  with  triphenylchlorethylene;  only 
carcinomas  of  the  prostate  and  bladder  showed  partial  regres¬ 
sion  of  the  tumors.  Data  from  the  clinical  study  suggest  that 
the  success  of  ET  in  breast  cancer  was  dependent  on  the 
menopausal  state  of  the  women.  Haddow  and  David31  stated, 
“When  the  various  reports  were  assembled  at  the  end  of  that 
time,  it  was  fascinating  to  discover  that  rather  general  im¬ 
pression,  not  sufficiently  strong  from  the  relatively  small 
numbers  in  any  single  group,  became  reinforced  to  the  point 
of  certainty;  namely,  the  beneficial  responses  were  three 
times  more  frequent  in  women  over  the  age  of  60  years  than 
in  those  under  that  age;  that  estrogens  may,  on  the  contrary, 
accelerate  the  course  of  mammary  cancer  in  younger  women, 
and  that  their  therapeutic  use  should  be  restricted  to  cases 
5  years  beyond  the  menopause.  Here  was  an  early  and  sat¬ 
isfying  example  of  the  advantages  which  may  accrue  from 
cooperative  clinical  trial.”  Therefore,  the  longer  that  a  woman 
is  postmenopausal,  the  greater  is  the  probability  of  tumor  re¬ 
gression  in  metastatic  breast  cancer.  However,  “...the  extraor¬ 
dinary  extent  of  tumor  regression  observed  in  perhaps  1% 
of  postmenopausal  cases  (with  estrogen)  has  always  been  re¬ 
garded  as  of  major  theoretical  importance,  and  it  is  a  matter 
for  some  disappointment  that  so  much  of  the  underlying 
mechanisms  continues  to  elude  us....”31  Therefore,  at  this 
point  in  1970,  the  underlying  mechanism  of  estrogen-induced 
tumor  regression  still  remained  unanswered. 

TIME  TO  TREATMENT  FAILURE  AND 
TRANSITION  TO  TAMOXIFEN 

In  the  1960s,  based  on  the  data  from  clinical  trials,  high- 
dose  stilbestrol  became  the  mainstay  of  treatment  in  post¬ 
menopausal  women  with  advanced  breast  cancer.  However, 
the  estrogen  treatment  was  not  without  pitfalls.  It  was  imper¬ 
ative  that  ET  not  be  instituted  until  ovarian  secretion  has 
ceased  in  a  woman.  The  overall  objective  remission  rate  for 
estrogen  treatment  in  407  women  with  advanced  breast  cancer 
was  31%.32  The  remission  rate  was  associated  with  the  in¬ 
creasing  number  of  years  after  menopause  (Table  1).  The  rate 
of  regression  was  9%  in  women  who  were  less  than  5  years 
postmenopausal,  whereas  the  rate  increased  to  35%  in  women 
who  have  been  postmenopausal  for  more  than  5  years,  corre¬ 
sponding  with  what  was  observed  by  Haddow  and  David.31  A 
remarkable  feature  of  ET  observed  in  this  setting  was  the 
“withdrawal  response.”  Stoll32  previously  described  that  when 
tumor  response  to  estrogen  administration  was  lost,  30%  of 
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TABLE  1.  Objective  response  rates  in  postmenopausal  women  with 
metastatic  breast  cancer  who  are  using  high-dose  estrogen  therapy 


Age  since  menopause 

Patients,  n 

Regression,  % 

0-5  y  (postmenopausal) 

63 

9 

>5  y  (postmenopausal) 

344 

35 

The  407  patients  are  divided  in  relation  to  menopause  status.32  The  objective 
remission  rate  of  breast  cancer  tumors  was  higher  in  women  more  than  5  years 
postmenopausal. 

cases  on  treatment  withdrawal  underwent  a  second  but  shorter 
period  of  tumor  remission,  indicating  that  women  can  be  palli¬ 
ated  over  many  years  by  intermittent  estrogen  and  subsequent 
withdrawal.  The  introduction  of  tamoxifen,  a  nonsteroidal  an¬ 
tiestrogen,  in  the  late  1970s  revolutionized  the  clinical  practice 
of  endocrine  treatment  of  ER-positive  breast  cancer.33  The 
evidence  supporting  the  antiestrogenic  action  of  tamoxifen 
was  based  on  its  antitumor  action  using  carcinogen-induced 
rat  mammary  tumor  models34,35  and  subsequent  athymic 
mice  transplanted  with  human  breast  cancer  cell  lines.36  The 
clinical  efficacy  of  tamoxifen  was  first  evaluated  in  women 
with  late  or  recurrent  carcinoma  of  the  breast.37  Results  from 
this  study  were  compared  with  unpublished  data  from  breast 
cancer  patients  who  were  treated  with  diethylstilbestrol  (DES) 
at  the  same  hospital.  Although  response  rates  were  similar, 
women  from  the  DES  arm  experienced  more  severe  adverse 
effects.  Similarly,  Ingle  et  al38  directly  compared  the  use  of 
either  tamoxifen  or  DES  in  the  treatment  of  advanced  breast 
cancer  in  postmenopausal  women.  Analysis  of  the  study  re¬ 
vealed  that  there  was  no  statistically  significant  difference 
between  the  efficacies  of  both  treatments;  however,  similar  to 
the  study  by  Cole  et  al,37  toxicity  was  greater  for  the  women 
receiving  DES  and  was  severe  enough  for  some  women  who 
dropped  out  of  the  study.  Based  on  these  data,  DES  fell  out 
of  favor  for  the  treatment  of  metastatic  breast  cancer,  and  ta¬ 
moxifen  became  the  preferred  agent.  Tamoxifen  subsequently 
became  the  standard  of  care  in  the  adjuvant  treatment  and 
prevention  of  breast  cancer.  Several  clinical  trials  investigated 
the  long-term  benefits  of  adjuvant  tamoxifen  therapy.  An 
overview39  of  55  randomized  trials  that  compared  the  use  of 
adjuvant  tamoxifen  versus  no  tamoxifen  in  breast  cancer  pa¬ 
tients  worldwide  revealed  that  the  reduction  in  recurrence  for 
1-year,  2-year,  and  5 -year  trials  during  about  10  years  of 
follow-up  were  21%,  29%,  and  47%,  respectively.  A  highly 
significant  trend  toward  a  greater  effect,  based  on  longer 
treatment,  was  observed.  A  corresponding  reduction  in  mor¬ 
tality  of  12%,  17%,  and  26%,  respectively,  was  observed,  and 
this  trend  was  also  significant  (P  =  0.003).  A  subsequent  re¬ 
port  of  the  meta-analysis40  showed  that  5  years  of  adju¬ 
vant  tamoxifen  decreased  the  annual  breast  cancer  mortality 
rate  by  31%  at  15 -year  follow-up,  irrespective  of  the  use 
of  chemotherapy,  age,  progesterone  receptor  status,  or  other 
tumor  characteristics  in  ER-positive  breast  cancer  patients. 
Furthermore,  the  reduction  observed  at  5  years  is  signifi¬ 
cantly  (P  <  0.00001  for  recurrence;  P  =  0.01  for  breast  cancer 
mortality)  more  effective  when  compared  with  1  to  2  years  of 
adjuvant  tamoxifen.  More  recently,  results  from  the  Adjuvant 


Tamoxifen — Longer  Against  Shorter  (ATLAS)  trial41  showed 
that  10  years  of  adjuvant  treatment  with  tamoxifen  produced  a 
further  reduction  in  breast  cancer  recurrence  and  mortality  when 
compared  with  5  years  of  tamoxifen  therapy.  It  is  perhaps  in¬ 
structive  to  point  out  that  the  main  effect  of  the  decrease 
in  mortality  with  a  decade  of  tamoxifen  occurs  in  the  decade 
after  tamoxifen  treatment  is  stopped.  This  further  suggests 
the  hypothesis  originally  proposed  in  the  early  1990s — that 
a  woman’s  own  estrogen  destroys  the  appropriately  sensitive 
tamoxifen-resistant  micrometastasis.42  Thus,  the  study  of  the 
evolution  of  anti-hormone  drug  resistance  to  tamoxifen  iron¬ 
ically  provided  an  insight  into  the  mechanism  of  estrogen- 
induced  apoptosis  studied  today.  Nevertheless,  the  current 
recommendation  for  the  adjuvant  endocrine  treatment  of  ER- 
positive  breast  cancer  is  that  tamoxifen  be  used  as  a  first-line 
treatment  in  premenopausal  or  perimenopausal  women  but  that 
postmenopausal  women  take  AIs  as  a  primary  agent  for  5  years 
or  for  2  to  3  years  after  tamoxifen43  for  a  total  of  5  years  of 
initial  anti-HT.  The  latter  is  based  on  several  studies  where  AIs 
have  shown  some  superiority  to  tamoxifen  as  first-line  agents 
in  the  treatment  of  postmenopausal  women  with  breast  can¬ 
cer,  as  well  as  a  significant  reduction  in  endometrial 
cancer.44"46  Furthermore,  5  years  of  Al  therapy  have  been 
shown  to  be  highly  beneficial  as  an  extended  adjuvant  treat¬ 
ment  in  postmenopausal  women  who  had  previously  received 
5  years  of  tamoxifen  therapy,  showing  a  2.9%  improvement  in 
disease-free  survival  at  4  years  (HR,  0.68;  P  =  0.0001)  when 
compared  with  placebo.47,48 

EVOLUTION  OF  ANTI-HORMONE 
DRUG  RESISTANCE 

Despite  the  ability  of  long-term  adjuvant  tamoxifen  to 
improve  survival,  some  women  develop  disease  recurrence 
owing  to  acquired  drug  resistance.  Early  laboratory  models 
were  created  to  understand  the  development  of  drug  resis¬ 
tance  and  subsequent  deployment  of  second-line  therapies. 
Treatment  of  ovariectomized  athymic  mice  transplanted  with 
ER-positive  MCF-7  tumors  with  tamoxifen  initially  caused 
tumor  regression,  but  subsequent  regrowth  of  tumors  oc¬ 
curred  despite  continuous  tamoxifen  treatment.49  Retrans¬ 
plantation  of  the  resistant  tumors  into  athymic  mice  or  rats 
led  to  tumor  growth  in  response  to  tamoxifen  and  estradiol 
(E2).50  Evaluation  of  these  tumors  showed  that  the  tamoxifen- 
stimulated  tumors  contained  twice  the  ER  content  of  E2-induced 
tumors.50,51  However,  continuous  treatment  of  transplanted 
MCF-7  tamoxifen-resistant  tumors  with  either  a  pure  anti¬ 
estrogen  or  no  treatment  in  nude  mice  results  in  no  tu¬ 
mor  growth.52  Because  AIs  deprive  the  ER  of  estrogens  and 
fulvestrant  degrades  the  ER,  the  findings  from  these  studies 
presaged  the  clinical  use  of  these  drugs  as  second-line  agents 
after  failure  of  tamoxifen  treatment.53  However,  the  early 
models  of  drug  resistance  to  SERMs  are  based  on  short-term 
treatments  and  replicate  the  failure  of  tamoxifen  after  1  or 
2  years  of  treatment  in  advanced  breast  cancer,  and  this  rep¬ 
resents  phase  1  SERM  resistance.  To  mimic  5  years  of  ad¬ 
juvant  tamoxifen  therapy  for  micrometastatic  breast  cancer, 

Menopause,  Vol.  20,  No.  4,  2013  375 


Copyright  ©  2013  The  North  American  Menopause  Society.  Unauthorized  reproduction  of  this  article  is  prohibited. 


OBIORAH  AND  JORDAN 


we  created  laboratory  models  to  induce  phase  2  resistance  to 
SERMs  by  serially  transplanting  tamoxifen-stimulated  MCF-7 
tumors  into  tamoxifen-treated  athymic  mice  for  more  than 
5  years.54  Interestingly,  on  stopping  tamoxifen,  the  tamoxifen- 
stimulated  MCF-7  tumors  rapidly  regressed  in  response  to 
physiologic  E2,  although  about  50%  of  tumors  regrew  after 
E2  treatment.  The  paradoxical  E2-induced  apoptosis  sug¬ 
gests  that  a  woman’s  own  estrogen  may  produce  an  antitumor 
effect  on  presensitized  micrometastatic  tumors  after  5  years 
of  adjuvant  tamoxifen.42  Failure  of  tumor  regression  after 
exhaustive  anti-HT  with  a  paradoxical  E2-inhibited  growth 
(phase  3  resistance)  indicates  a  potential  treatment  plan  using 
E2  as  third-line  endocrine  therapy.55  Tumors  that  regrow  after 
E2-induced  apoptosis  revert  back  to  the  original  cancer  phe¬ 
notype  and  are  again  sensitive  to  the  antitumor  actions  of 
tamoxifen  or  AIs.54 

ET  IN  METASTATIC  BREAST  CANCER 

In  more  recent  years,  the  use  of  estrogens  continues  to  show 
clinical  benefit  to  postmenopausal  women  with  advanced 
breast  cancer  in  an  estrogen-deprived  setting.  Fonning  et  al56 
treated  with  high-dose  DES  (5  mg  TID)  32  women  who  had 
previously  taken  multiple  endocrine  therapies.  Four  women 
achieved  complete  response,  whereas  four  women  achieved 
partial  response.  In  addition,  five  women  had  an  objective  re¬ 
sponse  lasting  more  than  52  weeks,  whereas  two  patients  had 
stable  disease  for  more  than  6  months.  Six  patients  dropped 
out  of  the  study  owing  to  severe  adverse  effects.  However, 
one  of  the  patients  who  had  complete  regression  of  cytol- 
ogically  confirmed  chest  wall  relapse  and  5  years  of  DES 
therapy  remained  disease-free  for  10  years  and  6  months 
after  starting  treatment.  A  long-term  follow-up  of  the  study 
of  Ingle  et  al38  that  compared  DES  therapy  to  tamoxifen 
showed  that  the  5-year  survival  was  35%  for  DES  and  16% 
for  tamoxifen  (P  =  0.039). 57  However,  DES  treatment  was 
associated  with  nausea,  edema,  and  vaginal  bleeding  prob¬ 
lems,  whereas  hot  flushes  were  more  commonly  observed 
with  tamoxifen.  Another  2009  clinical  study58  reported  find¬ 
ings  on  the  treatment  of  postmenopausal  women  who  had 
Al-resistant  metastatic  breast  cancer  with  low-dose  E2  (6  mg) 
and  high-dose  E2  (30  mg).  Clinical  benefit  rates  were  28% 
(95%  Cl,  18-41)  and  29%  (95%  Cl,  19-42)  in  the  high-dose 
arm  and  low-dose  arm,  respectively,  but  adverse  event  rate 
was  higher  in  the  30-mg  group  when  compared  with  the  6-mg 
group.  Six  patients  who  were  estrogen-responsive  were  re¬ 
treated  with  AIs,  among  which  two  had  partial  response  and 
one  had  stable  disease.  This  indicates  resensitization  to  es¬ 
trogen  deprivation  and  correlates  with  the  hypothesis  on 
SERM  resistance.54 

EXPERIMENTAL  APPROACH  TO  DECIPHERING 

THE  MECHANISM  OF  E2-INDUCED  APOPTOSIS 

A  novel  cell  model59  was  developed  by  our  laboratory  to 
address  concerns  on  acquired  resistance  to  long-term  estrogen 
deprivation.  An  ER-positive/progesterone  receptor-negative 
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hormone-independent  breast  cancer  cell  line,  MCF-7 :5C 
(a  variant  clone  of  wild-type  MCF-7  cells),  was  obtained  by 
culturing  MCF-7  cells  continuously  in  estrogen- free  media. 
Treatment  with  physiologic  E2  for  6  days  caused  a  dramatic 
90%  reduction  in  the  growth  of  MCF-7 :5C  cells.60  The 
growth  inhibition  observed  was  confirmed  by  annexin  V 
and  4',6-diamidino-2-phenylindole  staining  to  be  apoptosis. 
Fulvestrant  also  reduced  the  growth  of  MCF-7 :5C  cells,  but 
the  growth  inhibition  was  not  caused  by  apoptosis.61  Fur¬ 
thermore,  these  cells  were  resistant  to  4 -hydroxy tamoxifen 
(4-OHT).  The  tumorigenic  potential  of  MCF-7 :5C  cells 
was  examined  by  injecting  cells  into  ovariectomized  athymic 
mice,  and  these  cells  were  found  to  spontaneously  grow  into 
tumors  in  the  absence  of  E2.61  In  contrast,  MCF-7:5C  tumors 
in  mice  treated  with  E2  regressed  in  a  time-dependent  manner 
and  became  undetectable  after  8  weeks  of  treatment.  Simi¬ 
larly,  fulvestrant  also  decreased  the  growth  of  MCF-7:5C 
tumors,  but  the  reduction  was  statistically  significantly  less 
when  compared  with  that  of  E2  (P  <  0.001).  MCF-7:2A 
cells62,63 — another  long-term  estrogen-deprived  cell  line  de¬ 
rived  from  MCF-7  cells — is  more  resistant  to  E2-induced  apo¬ 
ptosis.  Based  on  clinical  data  showing  that  only  about  30%  of 
patients  respond  to  estrogens  after  anti-hormone  resistance,  it 
seemed  imperative  to  see  whether  E2-induced  apoptosis  could 
be  enhanced  in  anti-hormone-resistant  cells.  Overexpression  of 
Bcl-2  elevates  cellular  glutathione  (GSH)  level,  which  is  asso¬ 
ciated  with  increased  resistance  to  chemotherapy  apoptosis,64,65 
whereas  restoration  of  apoptosis  occurs  in  Bcl-2-expressing 
cells  depleted  of  GSH.66  MCF-7:2A  cells  express  high  levels  of 
GSH  synthetase  and  GSH  peroxidase  2,  which  are  involved  in 
GSH  synthesis.67  Exposure  of  MCF-7:2A  cells  to  a  combina¬ 
tion  therapy  of  E2  and  buthionine  sulfoximine  (BSO;  a  GSH 
inhibitor)  for  48  to  96  hours  produced  a  sevenfold  increase 
in  apoptosis,  whereas  individual  treatments  had  no  signifi¬ 
cant  effect  on  growth.  The  in  vitro  findings  correlated  with 
in  vivo  data  from  a  mouse  xenograft  model  in  which  daily 
administration  of  BSO  either  as  a  single  agent  or  in  combi¬ 
nation  with  E2  significantly  decreased  the  tumor  growth  of 
MCF-7:2A  cells.  Thus,  this  provides  a  potential  strategy  for 
future  clinical  trials  involving  combination  therapy  with  BSO 
and  low-dose  estrogen  to  improve  response  in  patients  with 
anti-hormone-resistant  advanced  breast  cancer.68 


CONJUGATED  EQUINE  ESTROGENS 

Extensive  progress  in  the  production  of  estrogen  prepara¬ 
tions  for  commercial  use  was  made  by  scientists  at  Wyeth 
Pharmaceuticals  Canada  (then  Ayerst),  who  extracted  conju¬ 
gated  estrogens  from  a  pregnant  horse’s  urine.69  In  1942,  US 
Food  and  Drug  Administration  approval70  was  obtained  for 
the  clinical  use  of  CEE  (premarin)  for  the  treatment  of  men¬ 
opausal  symptoms  and  related  conditions.  There  was  an  initial 
worldwide  acceptance  of  CEE  in  the  1960s;  however,  in¬ 
creased  risks  of  developing  endometrial  cancer  led  to  a  decline 
in  prescriptions  to  postmenopausal  women.71,72  In  the  1980s, 
a  new  surge  of  interest  in  the  use  of  ET  for  the  treatment  of 
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osteoporosis  led  to  clinical  studies  of  women  receiving  either 
estrogen-alone  therapy  or  estrogen-plus-progestin  therapy. 
Women  on  estrogen  and  progestin  treatment  had  a  lower  in¬ 
cidence  of  endometrial  cancer,73,74  indicating  that  progestin 
blocked  the  proliferative  effect  of  estrogens  on  the  endome¬ 
trial  lining.  As  a  result,  CEE  were  approved  for  the  treat¬ 
ment  and  prevention  of  osteoporosis;  women  with  an  intact 
uterus  were  given  progestin  in  addition  to  estrogens.  CEE 
are  made  up  of  conjugated  estrogens,  and  the  tablet  consists 
of  at  least  10  estrogens  (Fig.  1),  including  estrone  (59.2%), 
equilin  (26.9%),  17a-dihydroequilin  (16.3%),  17a-estradiol 
(4.32%),  17(3-dihydroequilin  (1.76%),  17a-dihydroequilenin 
(1.76%),  17p-dihydroequilenin  (3.36%),  equilenin  (2.4%), 
17 [3-estradiol  (0.8%),  and  A8,9-dehydroestrone  (4.16%).  Ge¬ 
neric  synthetic  versions  of  CEE  are  not  currently  approved  by 
the  Food  and  Drug  Administration  based  on  inadequacies 
noted  in  their  active  ingredients,  bioequivalence,  safety,  and 
effectiveness.75 

EFFECT  OF  CEE  ON  BREAST  CANCER  CELLS 

Long-term  concentrations  of  estrogen-deprived  MCF-7  breast 
cancer  cells  undergo  apoptosis  upon  treatment  with  physio¬ 
logic  E2.61  Based  on  the  preliminary  results  of  the  WHI  CEE 


study,  we  decided  to  elucidate  the  biological  properties  of 
the  main  estrogens  in  CEE  in  two  different  models  of  breast 
cancer  cells.  Estrogens  have  been  shown  to  regulate  the  growth 
of  ER-positive  MCF-7  breast  cancer  cells.  To  study  the  bio¬ 
logical  activity  of  the  actual  estrogens,  namely,  equilin,  estrone, 
and  equilenin,  we  tested  their  ability  to  induce  proliferation  in 
MCF-7:WS8  cells,  which  contain  ER  and  have  retained  estro¬ 
gen  responsiveness  for  a  sustained  period  of  continuous  cell 
culture.76  MCF-7  cells  were  grown  in  estrogen-free  media  for 
3  days  and  treated  with  various  concentrations  of  equilin,  es¬ 
trone,  and  equilenin,  and  their  effects  were  compared  with  E2 
(Fig.  2A).  All  three  estrogens  were  able  to  induce  the  cell 
growth  of  MCF-7  cells  to  the  maximal  level  as  E2  in  a  dose- 
dependent  manner.  Equilin  and  estrone  induced  cell  prolifera¬ 
tion  with  maximal  stimulation  occurring  at  0.1  nM,  whereas 
equilenin  reached  maximal  stimulation  at  1  nM  as  compared 
with  0.01  nM  for  E2.  Next,  we  investigated  the  growth 
properties  of  equilin,  estrone,  and  equilenin  in  long-term 
estrogen-deprived  MCF-7:5C  cells  in  comparison  with  E2. 
Figure  2B  shows  that  equilin,  estrone,  and  equilenin  drasti¬ 
cally  inhibited  the  growth  of  MCF-7 :5C  cells  at  comparable 
concentrations  to  E2.  Maximal  growth  inhibition  was  achieved 
with  E2  at  0.1  M,  whereas  equilin  and  estrone/equilenin 


FIG.  1.  Structures  of  the  estrogenic  constituents  of  premarin.  Estradiol,  equilin,  estrone,  and  equilenin  were  used  in  our  experimental  studies. 
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FIG.  2.  Cell  proliferation  assay  analysis  of  the  biological  properties  of  active  steroids  in  conjugated  equine  estrogens  in  breast  cancer  cells. 
A:  MCF-7  cells  were  grown  in  estradiol  (E2)-stripped  media  for  3  days;  treated  with  various  concentrations  of  E2,  equilin,  estrone,  and  equilenin  for 
7  days;  and  compared  with  vehicle-treated  cells  (Veh;  control).  B:  Equilin,  estrone,  and  equilenin  drastically  inhibited  the  growth  of  MCF-7 :5C  cells 
similarly  to  E2.  The  experiments  were  completed  in  triplicate  and  performed  as  previously  described.61 


reached  maximal  growth  inhibition  at  1  and  10  nM,  respec¬ 
tively,  after  7  days  of  treatment.  To  determine  if  the  observed 
estrogen-induced  growth  inhibition  of  MCF-7 :5C  cells  was 
caused  by  apoptosis,  we  used  MCF-7 :5C  cells  as  controls,  or 
E2,  equilin,  estrone,  or  equilenin  for  72  hours,  and  we  mea¬ 
sured  apoptosis  level  using  annexin  V  staining.  E2,  equilin, 
estrone,  and  equilenin  all  showed  increased  apoptotic  staining 
compared  with  control-treated  cells  (Fig.  3).  The  ability  of  con¬ 
jugated  estrogens  to  inhibit  growth  and  to  induce  apoptosis  in 


MCF-7 :5C  cells,  and  not  parental  MCF-7  cells,  suggests  that 
these  biological  properties  are  dependent  on  the  duration  of 
estrogen  deprivation  in  breast  cancer  cells. 

MOLECULAR  MECHANISMS  OF 
ESTROGEN-INDUCED  APOPTOSIS 

To  decipher  the  precise  series  of  events  that  precede  estrogen- 
induced  apoptosis,  we  interrogated  differential  gene  expression  in 
response  to  E2  using  Affymetrix-based  microarray  analysis.63 
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FIG.  3.  Effects  of  estradiol  (E2)  and  active  estrogens  in  conjugated  equine  estrogens  on  apoptosis  in  MCF-7 :5C  cells.  MCF-7 :5C  cells  were  seeded 
in  100-mm  plates  and  treated  with  vehicle-treated  cells  (Veh;  control),  1  nM  E2,  1  nM  equilin,  1  nM  estrone,  and  1  pM  equilenin  for  72  hours.  Cells 
were  stained  with  fluorescein  isothiocyanate  (FITC)-annexin  V  and  propidium  iodide  (PI)  and  analyzed  by  flow  cytometry  as  previously  de¬ 
scribed.61  The  upper  right  box  of  Veh  have  less  apoptotic  cells  (1.71%),  whereas  this  fraction  is  increased  for  all  estrogens  (circled  upper  right- 
hand  box). 
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Specific  genes  were  identified  for  MCF-7:5C,  indicating  that 
E2  induced  endoplasmic  reticulum  stress  (ERS)  and  inflam¬ 
matory  stress  responses  that  led  to  apoptosis.  Identified  ERS 
genes  indicated  that  E2  inhibited  protein  folding,  leading  to 
accumulation  of  unfolded  proteins  and  widespread  inhibition  of 
protein  translation  with  subsequent  induction  of  cell  death.  In 
response  to  severe  ERS,  Bim  (i?cl-2-mteracting  mediator  of 
cell  death;  BCL211)  was  induced.  Further  evidence  of  the  in¬ 
volvement  of  the  mitochondrial  pathway  in  E2-induced  apo¬ 
ptosis  was  reported  by  Lewis  et  al,61  who  showed  increased 
expression  of  several  proapoptotic  proteins,  including,  Bax, 
Bak,  Bim,  Noxa,  Puma,  and  p53,  in  E2-treated  MCF-7:5C  cells. 
Reversal  of  the  apoptotic  effect  of  E2  on  these  cells  was  ob¬ 
served  with  the  blockade  of  Bax  and  Bim  expression  using 
short  interfering  RNAs.  The  involvement  of  the  Fas/Fasl  death 
signaling  (extrinsic)  pathway  in  the  apoptotic  effect  of  E2  has 
been  investigated.  Osipo  et  al77  demonstrated  that  E2-induced 
regression  of  tamoxifen  stimulated  breast  cancer  tumors  by 
activating  the  death  receptor  Fas  and  by  suppressing  the 
antiapoptotic/prosurvival  factors  nuclear  factor-  kB  and  HER2/ 
neu.  Similarly,  the  growth  of  raloxifene-resistant  MCF-7  cells 
in  vitro  and  in  vivo  was  attenuated  by  E2  by  increasing  Fas 
expression  and  by  reducing  nuclear  factor-KB  activity.78  Stud¬ 


ies  are  currently  ongoing  to  determine  the  sequence  of  events 
that  occur  before  E2  induces  apoptosis  in  MCF-7 :5C  cells. 

The  resolution  of  the  crystal  structure  provided  insight  into 
the  activation  of  the  ER  by  E2  and  silencing  by  antiestro¬ 
gens79,80  and  provides  insight  into  the  “trigger”  mechanism 
for  the  ER  complex.  The  shape  that  the  ligands  make  with 
the  ER  is  imperative  to  their  ability  to  induce  apoptosis  in 
MCF-7:5C  cells.  E2  is  sealed  within  the  hydrophobic  pocket 
of  the  ligand  binding  domain  of  the  ER  by  helix  12  and  is 
bound  by  coactivators,  leading  to  activation  of  apoptotic 
genes.  On  the  other  hand,  4-OHT  pushes  back  helix  12  and 
prevents  coactivator  binding,  and  this  may  be  responsible  for 
its  ability  to  block  estrogen-induced  apoptosis  in  MCF-7:5C 
cells.  Knockdown  of  coactivator  AIB1/SRC3  in  MCF-7:5C 
cells  led  to  a  loss  of  the  apoptosis-inducing  effect  of  E2, 
suggesting  that  AIB 1  is  a  significant  control  hub  of  E2  in  ap¬ 
optosis  induced  in  these  breast  cancer  cells.81  Structure  func¬ 
tion  studies  show  that  the  shape  of  estrogen82  can  modulate 
the  shape  of  the  estrogen-ER  complex  to  induce  apoptosis.83 
Hydroxylated  triphenylethylenes,  which  are  structurally  sim¬ 
ilar  to  4-OHT  and  have  estrogenic  properties  in  MCF-7 
cells,  have  been  shown  to  block  E2-induced  apoptosis.84  The 
antiestrogenic  shape  they  make  with  the  ER  may  be  responsible 
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FIG.  4.  The  success  of  estrogen  therapy  is  dependent  on  a  woman’s  menopause  status.  A:  Treatment  of  women  with  conjugated  equine  estrogens 
(CEE)  immediately  after  menopause  results  in  sustained  growth  of  nascent  estrogen  receptor  (ER)-positive  tumors,  whereas  treatment  5  years  after 
menopause  causes  apoptotic  cell  death.  B:  Estrogen  withdrawal  in  postmenopausal  women  causes  ER-positive  cells  to  die,  but  some  cells  continue 
to  grow  independently  of  estrogen. 
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for  the  delayed  apoptotic  effect  of  triphenylethylenes  on  MCF- 
7:5C  cells.  These  pharmacologic  studies  are  currently  un¬ 
dergoing  investigation  and  will  be  the  focus  of  further  reports. 

DISCUSSION 

Before  the  clinical  use  of  anti-ET,  high-dose  estrogens  were 
deemed  to  be  effective  in  the  induction  of  tumor  regression  in 
metastatic  breast  cancer.30,32  In  more  recent  times,  ET  shows 
significant  clinical  benefits  on  postmenopausal  women  who 
have  undergone  extensive  antihormone  treatment.  Devel¬ 
opment  of  tamoxifen-stimulated  tumors  in  athymic  mice 
after  a  5 -year  treatment  with  tamoxifen  suggests  that  the 
development  of  anti-hormone  resistance  during  years  of 
treatment  reconfigures  the  survival  mechanism  of  breast 
cancer  so  that  estrogen  is  no  longer  a  potent  mitogen  that 
stimulates  cell  proliferation  but  rather  becomes  a  death  sig¬ 
nal.  Preclinical  data  clearly  show  that  long-term  estrogen 
deprivation  of  ER-positive  MCF-7  breast  cancers  and  sub¬ 
sequent  treatment  of  cells  with  E2  cause  apoptosis  of  these 
cells.  Creation  of  an  estrogen-deprived  environment  either 
by  withdrawal  of  estrogen  treatment32  or  by  exhaustive  anti- 
HT  increases  the  sensitivity  of  breast  tumors  to  the  ET,  sub¬ 
sequently  inducing  tumor  regression.  Similarly,  CEE  alone 
reduce  the  incidence  of  breast  cancer  in  hysterectomized  post¬ 
menopausal  women.  This  protective  effect  is  not  observed  in 
women  who  receive  addition  progesterone  therapy,  sug¬ 
gesting  that  progestin  may  play  a  potential  role  in  the  increased 
breast  cancer  cases  observed  among  postmenopausal  women 
who  received  combined  HT.  To  explain  the  aforementioned 
clinical  data,  laboratory  studies  show  that  estrogens  in  CEE 
were  able  to  cause  the  proliferation  of  MCF-7  cells  after  these 
cells  were  grown  in  an  estrogen-free  medium  for  3  days.  This 
cell  population  is  adapted  to  an  environment  rich  in  estrogen; 
thus,  naturally,  all  cells  grow  with  a  “resupply”  of  natural  ste¬ 
roidal  estrogens.  However,  these  same  estrogens  induce  apo¬ 
ptosis  to  a  similar  extent  as  E2  in  MCF-7  cells  that  have  been 
deprived  of  estrogen  treatment  for  many  years.  The  ability  of 
ET  to  treat  or  prevent  tumors  is  related  to  the  menopause  status 
of  women  and  how  long  they  have  been  physiologically  de¬ 
prived  of  estrogen.  In  the  data  by  Stoll32  (Table  1),  the  rate  of 
remission  of  advanced  breast  cancer  was  significantly  less  in 
women  who  were  less  than  5  years  postmenopausal  (9%),  and 
there  was  a  35%  remission  rate  in  women  who  were  more  than 
5  years  postmenopausal.  It  is  important  to  stress  that  the  ma¬ 
jority  of  the  women  in  the  WHI  CEE  trial  were  older  than 
60  years,  and  the  mean  age  at  screening  was  63.6  years.  Here, 
the  overall  result  was  a  reduction  in  breast  cancer  and  mortality. 
There  is  a  need  for  an  “estrogen  holiday”  before  starting  ET. 
Induction  of  menopause  in  women  gradually  deprives  the  cells 
of  estrogen.  However,  immediate  treatment  with  estrogens  may 
cause  the  growth  of  nascent  ER-positive  breast  tumors  that  may 
increase  breast  cancer  risk  (Fig.  4A).  The  cells  vulnerable  to 
death  with  estrogens  in  CEE  have  been  selected  because  es¬ 
trogen  deprivation  at  menopause  causes  estrogen-dependent 
nascent  breast  cancers  to  die,  but  not  all  die.  Remaining  cells 
that  survive  leam  to  grow  without  estrogen  (Fig.  4B).  These 
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cells  will  continue  to  grow  to  produce  breast  cancer,  unless 
exogenous  estrogens  induce  apoptotic  death.  Therefore,  5  years 
of  CEE  treatment  immediately  after  menopause  will  cause 
sustained  continuing  growth  of  ER-positive  tumor  cells.  Be¬ 
cause  nascent  ER-positive  tumor  cells  have  been  estrogen- 
deprived  in  women  who  are  5  to  10  years  postmenopausal, 
5  years  of  CEE  therapy  induces  massive  apoptotic  cell  death, 
subsequent  tumor  cell  death,  and  enhanced  patient  survival. 

CONCLUSIONS 

High-dose  estrogen  treatment  is  effective  in  causing  tumor 
regression  in  metastatic  breast  cancer.  The  mechanism  for  this 
treatment  was  a  paradox  and  was  unknown  for  60  years  but  is 
now  being  deciphered.63  Objective  tumor  remission  is  observed 
in  women  who  are  more  than  5  years  postmenopausal.30,32  ET 
administered  to  women  in  their  late  60s  causes  a  sustained  de¬ 
crease  in  breast  cancer  incidence  and  a  decrease  in  mortality.26 
The  question  was  “Why?”  The  key  is  the  long-term  estrogen 
deprivation  of  ER-positive  breast  cancer  cells.  We  have  created 
long-term  estrogen  deprivation  breast  cancer  cell  lines  and,  for 
the  first  time,  have  described  the  mechanism  of  estrogen-induced 
apoptosis.  This  new  biology  of  estrogen-induced  apoptosis  can 
now  be  used  to  explain  the  effects  of  ET  on  reducing  breast 
cancer  incidence  and  mortality  among  women  in  their  60s. 
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Abstract:  Selective  estrogen  receptor  modulators  (SERMs)  are  structurally  different  compounds  that  interact  with 
intracellular  estrogen  receptors  in  target  organs  as  estrogen  receptor  agonists  or  antagonists.  These  drugs  have  been 
intensively  studied  over  the  past  decade  and  have  proven  to  be  a  highly  versatile  group  for  the  treatment  of  different 
conditions  associated  with  postmenopausal  women’s  health,  including  hormone  responsive  cancer  and  osteoporosis. 
Tamoxifen,  a  failed  contraceptive  is  currently  used  to  treat  all  stages  of  breast  cancer,  chemoprevention  in  women  at  high 
risk  for  breast  cancer  and  also  has  beneficial  effects  on  bone  mineral  density  and  serum  lipids  in  postmenopausal  women. 
Raloxifene,  a  failed  breast  cancer  drug,  is  the  only  SERM  approved  internationally  for  the  prevention  and  treatment  of 
postmenopausal  osteoporosis  and  vertebral  fractures.  However,  although  these  SERMs  have  many  benefits,  they  also  have 
some  potentially  serious  adverse  effects,  such  as  thromboembolic  disorders  and,  in  the  case  of  tamoxifen,  uterine  cancer. 
These  adverse  effects  represent  a  major  concern  given  that  long-term  therapy  is  required  to  prevent  osteoporosis  or 
prevent  and  treat  breast  cancer. 

The  search  for  the  ‘ideal’  SERM,  which  would  have  estrogenic  effects  on  bone  and  serum  lipids,  neutral  effects  on  the 
uterus,  and  antiestrogenic  effects  on  breast  tissue,  but  none  of  the  adverse  effects  associated  with  current  therapies,  is 
currently  under  way.  Ospemifene,  lasofoxifene,  bazedoxifene  and  arzoxifene,  which  are  new  SERM  molecules  with 
potentially  greater  efficacy  and  potency  than  previous  SERMs,  have  been  investigated  for  use  in  the  treatment  and 
prevention  of  osteoporosis.  These  drugs  have  been  shown  to  be  comparably  effective  to  conventional  hormone 
replacement  therapy  in  animal  models,  with  potential  indications  for  an  improved  safety  profile.  Clinical  efficacy  data 
from  ongoing  phase  III  trials  are  available  or  are  awaited  for  each  SERM  so  that  a  true  understanding  of  the  therapeutic 
potential  of  these  compounds  can  be  obtained. 

In  this  article,  we  describe  the  discovery  and  development  of  the  group  of  medicines  called  SERMs.  The  newer  SERMs  in 
late  development:  ospemifene,  lasofoxifene,  bazedoxifene,  are  arzoxifene  are  described  in  detail. 

Keywords:  Arzoxifene,  bazedoxifene,  lasofoxifene,  ospemifene,  raloxifene,  selective  estrogen  receptor  modulator,  tamoxifen. 


THE  QUEST  TO  PREVENT  BREAST  CANCER 

The  idea  of  using  a  chemical  to  prevent  (chemo¬ 
prevention)  breast  cancer  is  a  noble  goal  that  has  achieved 
significant  successes  in  the  past  three  decades.  This  is 
however  not  a  new  concept  as  Professor  Antoine  Lacassagne 
[1]  had  the  vision  which  he  stated  at  the  Annual  Meeting 
of  the  American  Association  for  Cancer  Research  in  1936: 

“ If  one  accepts  the  consideration  of  adenocarcinoma 
of  the  breast  as  a  consequence  of  a  special  hereditary 
sensibility  to  the  proliferative  action  of  o estrone,  one 
is  led  to  imagine  a  therapeutic  preventive  for  subjects 
predisposed  by  their  heredity  to  this  cancer,  to  stop 
the  congestion  ofoestrone  in  the  breast.  ” 
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However,  his  vision  was  based  on  his  laboratory 
experiments  with  oophorectomy  to  prevent  or  estrogen 
replacement  to  enhance,  tumorigenesis  in  strains  of  mice 
with  a  high  incidence  of  mammary  cancer.  Most  importantly, 
chemoprevention  could  not  advance  in  humans  because 
therapeutic  knowledge  was  not  available  in  the  1930’s.  The 
first  antiestrogens  would  not  be  reported  until  the  late  1950’s 
more  than  20  years  later  [2] . 

The  non-steroidal  antiestrogens  initially  had  no  major 
clinical  impact  during  the  first  decade  since  the  discovery  of 
the  first  non-steroidal  antiestrogen  MER25  [3]  in  1958.  The 
early  compounds  were  studied  as  antifertility  agents  in  the 
laboratory,  but  clomiphene  did  the  opposite  in  humans,  so  it 
was  used  successfully  to  induce  ovulation  in  subfertile 
women.  Clomiphene,  a  mixture  of  estrogenic  (zuclomiphene) 
and  antiestrogenic  (enclomiphene)  geometric  isomer  has 
been  used  for  over  50  years  for  the  induction  of  ovulation  [4, 
5].  This  therapeutic  advance  set  the  scene  for  the  subsequent 
breakthroughs  in  molecular  pharmacology  and  medicines 
seen  in  the  latter  half  of  the  20th  century  (Fig.  1).  The 
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1900  Studies  of  oophorectomy  for  metastatic  breast  cancer 


1923  "Estrogen"  present  in  ovaries 

1933  Estrogen  produces  breast  cancer  in  mice 
1938  Diethylstilbestrol  described 

1944  High-dose  estrogen  for  metastatic  breast  cancer 


1958  Nonsteroidal  antiestrogens  discovered 
1 960  1 962  Estrogen  receptor  (ER)  proposed 

Clomiphene  for  induction  of  ovulation 
1967  ICI  46,474  (tamoxifen)  described  as  antifertility  agent  in  rats 
1970  1971  Tamoxifen  modest  activity  in  metastatic  breast  cancer 

1972  Tamoxifen  development  suspended 
1975  ER  assay  for  response  to  endocrine  ablation 
1976Tamoxifen  prevent  rat  mammary  cancer 

1977  Tamoxifen  proposed  for  long  term  adjuvant  therapy  targeting 
ER 


1977  Targeting  of  aromatase  enzyme 

1977  FDA  approves  tamoxifen  for  metastatic  breast  cancer 


1980 

1985  Tamoxifen  chemoprevention  trials  start 

1986  Advances  in  cloning  ER 

1987  Selective  ER  modulation  first  described  based  on  tamoxifen 
and  raloxifene 

1990 


1994  MORE  trial  starts  with  raloxifene 

1995  Coregulators  of  ER  action 

1998  FDA  approves  breast  cancer  risk  reduction  with  tamoxifen 
FDA  approves  raloxifene  to  treat  and  prevent  osteoporosis 

2000 

2007  FDA  approves  raloxifene  for  breast  cancer  risk  reduction 

2010 


Fig.  (1).  Timeline  of  the  major  landmarks  in  estrogen  action,  anti¬ 
estrogens  and  SERMs  for  the  treatment  and  prevention  of  breast 
cancer,  and  osteoporosis. 

endocrinology  of  clomiphene  was  studied  in  some  detail 
[6],  for  the  obvious  reason  that  the  medicine  was  used  to 
induce  ovulation  in  healthy  women,  but  toxicological  issues 


prevented  further  drug  development  for  other  potential 
applications  in  women’s  health  eg.  breast  cancer  treatment 
and  prevention.  Then  came  tamoxifen,  ICI  46,474,  the  failed 
contraceptive  [7,  8]  and  orphan  drug  looking  for  a 
therapeutic  application.  Initial  clinical  studies  demonstrated 
that  it  was  safe  and  effective  for  the  induction  of  ovulation  in 
subfertile  women  [9,  10]  and  for  the  treatment  of  metastatic 
breast  cancer  in  postmenopausal  women  [11,  12]. 

The  story  of  the  reinvention  of  tamoxifen  to  become  the 
gold  standard  for  the  adjuvant  treatment  of  breast  cancer  and 
the  pioneering  medicine  for  the  reduction  of  breast  cancer 
incidence  in  high  risk  women,  has  been  told  in  detain 
elsewhere  [13,  14].  Suffice  to  say  the  translational  laboratory 
research  work  in  the  1970’s  [15]  that  catalyzed  tamoxifen’s 
move  from  orphan  drug  resulted  in  tamoxifen  becoming  the 
standard  of  care  for  the  long  term  adjuvant  therapy  of 
estrogen  receptor  (ER)  positive  breast  cancer  and,  as  a  result, 
extended  the  lives  of  millions  of  women  worldwide.  The 
approvals  for  the  use  of  tamoxifen  are  unique  amongst 
anticancer  agents  and  include  the  treatment  of  metastatic 
breast  cancer,  adjuvant  therapy  with  chemotherapy,  adjuvant 
therapy  alone,  the  treatment  of  ductal  carcinoma  in  situ,  risk 
reduction  in  high  risk  pre-  and  postmenopausal  women  and 
breast  cancer  treatment  in  men.  The  advance  was  achieved 
based  on  the  premise  that  tamoxifen,  the  pure  trans  isomer 
of  a  triphenylethylene  was  the  lead  member  of  the  group  of 
drugs  known  as  nonsteroidal  antiestrogens  [16].  If  estrogen 
was  indicated  in  the  growth  of  some  breast  cancer  then  an 
antiestrogenic  drug  would  be  effective  as  a  treatment.  But 
fashions  in  science  and  medicine  change  and  this  was  about 
to  happen  in  the  1980’ s  with  a  new  approach  to  the 
management  of  breast  cancer:  chemoprevention 

Professor  Trevor  Powles  was  the  first  to  initiate  a  pilot 
study  for  the  chemoprevention  of  breast  cancer  in  a  small 
group  of  high  risk  women  using  tamoxifen.  He  selected 
women  with  a  first  degree  relative  that  had  already  had 
breast  cancer.  His  pilot  toxicology  study  was  initiated  in 
1985  and  published  in  1989  [17].  However,  there  were 
significant  toxicological  issues  that  had  to  be  addressed  in 
the  laboratory  and  translated  to  clinical  trial  before  an 
“antiestrogen”  could  be  considered  to  be  tested  in  large 
populations  of  healthy  women  for  the  chemoprevention  of 
breast  cancer.  Tamoxifen  was  noted  in  the  laboratory  [18] 
and  clinic  [19]  to  increase  the  growth  and  incidence  of 
endometrial  cancer.  Also  at  that  time  in  the  1980’ s  it  was 
believed,  that  estrogen  was  useful  to  protect  women  from 
coronary  heart  disease  and  osteoporosis.  Clearly  there  would 
be  no  advantage  of  using  a  drug  classified  as  a  “non-steroidal 
antiestrogen”  to  block  estrogen  mediated  breast  carcino¬ 
genesis  in  the  few,  but  expose  the  whole  experimental 
population  to  crushing  osteoporosis  or  an  elevation  of  the 
incidence  of  coronary  heart  disease.  Studies  conducted  at  the 
University  of  Wisconsin  Comprehensive  Cancer  Center  [2, 
18,  20-26]  were  instrumental  in  providing  clarity  to  these 
questions  and  created  the  new  drug  group  -  Selective  ER 
Modulators  or  SERMs. 

The  mention  of  “modulation”  at  an  ER  target  site  first 
occurred  with  the  examination  of  the  structure  function 
relationships  of  estrogenic  triphenylethylene  derivatives  of 
tamoxifen  at  a  prolactin  gene  target  in  vitro  [27].  The 
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estrogenic  compounds  could  activate  or  suppress  prolactin 
synthesis  by  altering  the  shape  of  the  ER  complex  between 
the  extremes  of  an  “antiestrogenic”  or  an  “estrogenic” 
conformation  [28].  This  idea  of  the  molecular  modulation  of 
the  receptor  at  a  single  target  site  was  then  expanded  to 
consider  the  physiologic  responses  that  occurred  with 
nonsteroidal  antiestrogen  at  multiple  target  sites  in  the 
body  -  simultaneously. 

A  cluster  of  translational  studies  focused  on  the  uterus, 
breast  (mammary  gland)  and  bone  together  created  the  data 
base  for  further  confirmatory  studies  and  the  clinical  trials  by 
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the  pharmaceutical  industry  that  resulted  in  the  reinvention 
of  the  failed  breast  cancer  drug  keoxifene  to  become 
raloxifene  the  first  clinically  available  SERM  to  prevent  both 
osteoporosis  and  breast  cancer  [29-32].  Each  of  the 
laboratory  studies  provided  an  interlocking  network  of 
knowledge  relevant  to  the  practical  application  of  a  new  drug 
group  in  medical  practice.  The  fundamental  concept  of 
SERMs  action  described  first  in  the  late  1980s  [2,  23]  and 
later  refined  and  defined  as  a  balance  of  receptors  and 
coregulators  (Fig.  2)  is  similar  to  the  subsequent  description 
of  Protean  agonists  of  the  G-protein- coupled  receptors  [33]. 
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Fig.  (2).  Molecular  networks  potentially  influence  the  expression  of  SERM  action  in  a  target  tissue.  The  shape  of  the  ligands  that  bind  to  the 
estrogen  receptors  (ERs)a  and  p  programmes  the  complex  to  become  an  estrogenic  or  anti-estrogenic  signal.  The  context  of  the  ER  complex 
(ERC)  can  influence  the  expression  of  the  response  through  the  numbers  of  co-repressors  (CoR)  or  coactivators  (CoA).  In  simple  terms,  a 
site  with  few  Co  As  or  high  levels  of  CoRs  might  be  a  dominant  anti-estrogenic  site.  However,  the  expression  of  estrogenic  action  is  not 
simply  the  binding  of  the  receptor  complex  to  the  promoter  of  the  estrogen-responsive  gene,  but  a  dynamic  process  of  CoA  complex 
assembly  and  destruction  [101].  A  core  CoA,  for  example,  steroid  receptor  coactivator  protein  3  (SRC3),  and  the  ERC  are  influenced  by 
phosphorylation  cascades  that  phosphorylate  target  sites  on  both  complexes.  The  core  CoA  then  assembles  an  activated  multiprotein  complex 
containing  specific  co-co-activators  (CoCo)  that  might  include  p300,  each  of  which  has  a  specific  enzymatic  activity  to  be  activated  later. 
The  CoA  complex  (CoAc)  binds  to  the  ERC  at  the  estrogen-responsive  gene  promoter  to  switch  on  transcription.  The  CoCo  proteins  then 
perform  methylation  (Me)  or  acetylation  (Ac)  to  activate  dissociation  of  the  complex.  Simultaneously,  ubiquitiylation  by  the  bound 
ubiquitin-conjugating  enzyme  (Ubc)  targets  ubiquitin  ligase  (UbL)  destruction  of  protein  members  of  the  complex  through  the  26S 
proteasome.  The  ERs  are  also  ubiquitylated  and  destroyed  in  the  26S  proteasome.  Therefore,  a  regimented  cycle  of  assembly,  activation  and 
destruction  occurs  on  the  basis  of  the  preprogrammed  ER  complex  [101].  However,  the  co-activator,  specifically  SRC3,  has  ubiquitous 
action  and  can  further  modulate  or  amplify  the  ligand- activated  trigger  through  many  modulating  genes  [215]  that  can  consolidate  and 
increase  the  stimulatory  response  of  the  ERC  in  a  tissue.  Therefore,  the  target  tissue  is  programmed  to  express  a  spectrum  of  responses 
between  full  estrogen  action  and  anti-estrogen  action  on  the  basis  of  the  shape  of  the  ligand  and  the  sophistication  of  the  tissue-modulating 
network.  NFkB,  nuclear  factor  kB.  This  figure  is  published  with  permission  from  Nature  Publishing  group.  Jordan,  Y.C.  Chemoprevention  of 
breast  cancer  with  selective  oestrogen-receptor  modulators.  Nature  Reviews  Cancer,  2007  Jan;  7(1):  46-53. 
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The  first  public  description  of  the  clinical  concept  of 
SERMs  as  useful  medicines  for  women’s  health  was  at  the 
First  International  Chemoprevention  meeting  in  New  York 
in  1987.  The  vision  was  stated  as  follows:  “The  majority  of 
breast  cancer  occurs  unexpectedly  and  from  unknown  origin. 
Great  efforts  are  being  focused  on  the  identification  of  a 
population  of  high-risk  women  to  test  ‘chemopreventive’ 
agents.  But,  are  resources  being  used  less  than  optimally?  An 
alternative  would  be  to  seize  on  the  developing  clues 
provided  by  an  extensive  clinical  investigation  of  available 
antiestrogens.  Could  analogues  be  developed  to  treat 
osteoporosis  or  even  retard  the  development  of  athero¬ 
sclerosis?  If  this  proved  to  be  true,  then  a  majority  of  women 
in  general  would  be  treated  for  these  conditions  as  soon  as 
menopause  occurred.  Should  the  agent  also  retain  antibreast 
tumor  actions,  then  it  might  be  expected  to  act  as  a  chemo- 
suppressive  on  all  developing  breast  cancers  if  these  have  an 
evolution  from  hormone- dependent  disease  to  hormone 
independent  disease.  A  bold  commitment  to  drug  discovery 
and  clinical  pharmacology  will  potentially  place  us  in  a  key 
position  to  prevent  the  development  of  breast  cancer  by  the 
end  of  this  century  [23]”. 

Subsequently  the  “roadmap”  for  the  pharmaceutical 
industry  was  refined  and  defined  more  precisely  in  the  Cain 
Memorial  Award  lecture  presented  before  the  American 
Association  for  Cancer  Research  in  1989  for  advances  in 
laboratory  research  leading  to  the  discovery  and  develop¬ 
ment  of  new  therapeutic  agents  for  the  treatment  of  cancer. 
“We  have  obtained  valuable  clinical  information  about  this 
group  of  drugs  that  can  be  applied  in  other  disease  states. 
Research  does  not  travel  in  straight  lines  and  observations  in 
one  field  of  science  often  become  major  discoveries  in 
another.  Important  clues  have  been  garnered  about  the 
effects  of  tamoxifen  on  bone  and  lipids,  so  apparently, 
derivatives  could  find  targeted  applications  to  retard 
osteoporosis  or  atherosclerosis.  The  ubiquitous  application 
of  novel  compounds  to  prevent  diseases  associated  with  the 
progressive  changes  after  menopause  may,  as  a  side  effect, 
significantly  retard  the  development  of  breast  cancer.  The 
target  population  would  be  postmenopausal  women  in 
general,  thereby  avoiding  the  requirement  to  select  a  high- 
risk  group  to  prevent  breast  cancer  [2]”. 

Indeed,  the  discovery  that  tamoxifen  and  raloxifene  had 
target  site  selective  estrogenic  and  antiestrogenic  actions 
around  the  body  would  stimulate  all  subsequent  research  on 
SERMs  [34]. 

PHARMACOKINETICS  OF  TAMOXIFEN  AND 
RALOXIFENE 

Tamoxifen  a  long  acting  drug  with  a  long  biological  half- 
life  that  is  metabolically  activated,  whereas  raloxifene  is  a 
very  short  acting  drug  that  is  rapidly  conjugated  and  then 
excreted  through  the  biliary  tract.  The  metabolism,  pharma- 
cogenomics  and  pharmacokinetics  of  SERMs  continue 
to  present  challenges.  Just  when  everything  appears  to  be 
straightforward,  old  drugs  create  unanticipated  surprises  and 
in  contrast  ideas  to  alter  the  pharmacokinetics  of  raloxifene 
from  a  short  to  a  long  acting  drug  do  not  result  in  success. 
Initially,  there  was  little  pharmacologic  information  or 
interest  in  the  metabolism  of  tamoxifen  in  animals  and  man; 
this  was  not  a  major  requirement  to  register  a  drug  to  treat 


advanced  breast  cancer  in  the  1970’s  [14].  The  situation 
remained  the  same  during  the  1980’ s  when  tamoxifen  was 
about  to  become  the  standard  of  care  as  the  adjuvant 
antihormonal  treatment  of  ER  positive  breast  cancer  and 
studies  were  planned  to  evaluate  the  worth  of  tamoxifen  to 
prevent  the  breast  cancer  in  high  risk  women  [14].  At  that 
time,  it  was  accepted  that  tamoxifen  was  either  metabolically 
activated  to  4-hydroxy  tamoxifen  [35,  36],  a  minor  meta¬ 
bolite  with  high  binding  affinity  to  the  ER  but  with  a 
short  biological  half-life  [37]  or  was  demethylated  to 
N-desmethyltamoxifen,  a  compound  with  low  binding 
affinity  for  the  ER  but  a  long  biological  half-life.  N- 
Desmethyltamoxifen  was  further  demethylated  to 
desdimethyltamoxifen  and  subsequently  deaminated  to  the 
weakly  antiestrogenic  glycol  derivative  of  tamoxifen  referred 
to  as  metabolite  Y  [38].  These  antiestrogenic  metabolites 
deactivate  the  ER  but  based  on  concentrations  of  metabolites 
and  their  affinity,  all  were  considered  to  play  a  role  in 
blocking  estrogen  action. 

The  ubiquitous  application  of  tamoxifen  as  a  long-term, 
well  tolerated  treatment  for  breast  cancer  during  the  past  two 
decades  and  its  use  as  a  preventive  in  high  risk  women, 
resulted  in  the  close  examination  of  symptom  management, 
especially  hot  flashes,  to  enhance  compliance.  Selective 
serotonin  reuptake  inhibitors  (SSRIs)  are  effective  in 
controlling  hot  flashes  experienced  by  up  to  45%  of  treated 
patients.  However,  the  identification  and  characterization 
[39-41]  of  the  high  affinity  metabolite  of  tamoxifen  4- 
hydroxy-N-desmethyltamoxifen  (endoxifen)  and  the  finding 
that  endoxifen  levels  are  reduced  by  the  co- administration  of 
SSRIs  [42-44]  is  an  important  observation  that  has  potential 
therapeutic  implications.  It  follows  that  since  SSRIs  block 
CYP2D6,  thereby  inhibiting  the  metabolism  of  tamoxifen  to 
endoxifen,  then  the  efficacy  of  tamoxifen  as  an  anticancer 
agent  (treatment  or  chemoprevention)  could  be  impaired  by 
either  the  ubiquitous  use  of  SSRIs  to  prevent  hot  flashes  or 
the  administration  of  tamoxifen  to  women  with  a  defect  in 
the  CYP2D6  enzyme  that  no  longer  converts  tamoxifen  to 
endoxifen.  Preliminary  evidence  suggests  that  this  might  be 
the  case  [44,  45].  However,  the  proposition  that  patients 
should  be  genotyped  to  identify  poor  metabolizers  who  will 
be  less  likely  to  respond  to  tamoxifen  remains  controversial. 
Be  as  it  may,  it  is  probably  unwise  to  use  SSRI  to  reduce  hot 
flashes  in  patients  taking  tamoxifen.  Venlafaxine,  a  drug 
with  low  potential  to  interact  with  the  CYP2D6  enzyme,  is 
the  agent  of  choice  for  symptom  control. 

The  knowledge  that  tamoxifen  was  metabolically 
activated  to  hydroxylated  metabolites  with  high  affinity 
for  the  ER  [35]  created  the  opportunity  for  chemists  in  the 
pharmaceutical  industry  to  design  the  high  affinity  SERMs, 
raloxifene,  basedoxifene  and  lasofoxifene.  However,  the 
pharmacokinetics  and  pharmacodynamics  of  these  poly- 
phenolic  compounds  now  creates  a  complex  new  set  of 
problems  to  get  an  orally  active  drug  constantly  to  the  breast 
tissues  to  prevent  estrogen- stimulated  growth  Raloxifene  and 
other  SERM  members  that  are  benzothiophene  derivatives, 
are  short  acting  [46-48].  However,  raloxifene  has  a  plasma 
elimination  half-life  of  approximately  27  hours  which 
apparently  results  from  reversible  Phase  II  metabolism 
which  conjugates  the  polyphenolic  drugs  prior  to  excretion 
as  sulphates  and  glucuronides.  There  appear  to  be  two 
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aspects  for  consideration  for  a  polyphenolic  SERM  to  be 
an  effective  chemopreventive  for  breast  cancer.  Firstly, 
raloxifene  is  conjugated  by  the  human  intestinal  enzymes 
UGTIA8  and  UGTIA10  [49]  but  it  is  the  dynamic 
relationship  between  absorption,  Phase  II  metabolism  and 
excretion  in  the  intestine  [50]  that  controls  the  2% 
bioavailability  of  raloxifene  [48].  The  second  aspect  for 
consideration  is  the  retention  of  raloxifene  in  the  target 
tissue.  This  depends  on  local  sulphation  which  inactivates 
the  SERM  prior  to  diffusion  out  of  the  tissue.  Here 
again,  there  are  disparities  in  the  efficacy  of  multiple 
sulphation  enzymes  (sulphotransferases,  SULTs)  to  terminate 
bioactivity  of  raloxifene  in  a  target  site.  By  way  of  example: 
4-hydroxy  tamoxifen  [35]  is  only  sulphated  by  three  of  seven 
SULT  isoforms  whereas  raloxifene  is  sulphated  by  all  seven 
[51].  Additionally,  SULTIEI,  which  sulphates  raloxifene  in 
endometrial  tissue,  is  only  expressed  in  the  secretory  phase 
[51]  of  the  menstrual  cycle  following  ovulation  [52].  All 
these  issues  promted  chemists  in  industry  to  improve  the 
breast  cancer  treatment  potential  of  SERMs  by  improving  the 
pharmacokinetics  by  designing  the  long  acting  “raloxifene” 
named  arzoxifene  (see  later  section).  Similarly  lasofoxifene 
creates  a  very  interesting  innovation  in  enhanced  pharma¬ 
cokinetics.  Lasofoxifene  is  extensively  metabolized  in  rats 
and  monkeys  with  tissues  achieving  maximal  concentrations 
within  one  hour  of  oral  administration  of  14C  labeled 
lasofoxifene  [53].  There  was  greater  than  95%  of 
lasofoxifene  and  metabolites  excreted  in  feces  through  the 
biliary  route  with  only  a  small  amount  of  glucoronide.  It  is 
reasoned  that  increased  oral  bioavailability  results  from  the 
fact  that  the  non-planar  lasofoxifene  is  a  poor  substrate  for 
glucuronidation.  Lasofoxifene  exists  in  two  enantiomer; 
the  1-enantiomer  has  high  ER  binding  and  increased 
bioavailability,  compared  to  the  d-enantiomer  [54].  This 
property  of  the  molecule  improves  pharmacokinetics  so  that 
a  clinical  dose  of  0.5mg  daily  is  proven  effective  in  clinical 
trial  to  prevent  bone  loss  and  prevent  breast  cancer  [55].  This 
is  1/1 00th  the  daily  dose  of  raloxifene! 

With  this  background  of  the  challenges  that  the  medicinal 
chemist  faces  and  must  solve  to  create  a  successful  SERM, 
we  now  turn  to  the  story  that  evolved  during  the  1980’s  that 
formed  the  basis  for  all  future  drug  discoveries  by  the 
pharmaceutical  industry.  Simply  stated;  what  were  the 
circumstances  that  created  the  SERMs,  what  were  the 
challenges  for  the  clinical  community  and  where  did  the  new 
SERMs  we  study  today  have  their  origins? 

THE  BIOLOGICAL  BASIS  OF  SERM  ACTION: 
TARGET  TISSUE  SPECIFIC  ACTIONS 

In  this  section  we  will  present  the  translational  data, 
obtained  primarily  during  the  1980’ s  that  proved  to  be  the 
database  that  created  the  concept  to  move  forward  to  clinical 
testing  and  advance  novel  SERMs  for  clinical  applications. 
We  will  cluster  each  estrogen  target  tissue  group  studied  in 
the  1980’ s  that  advanced  the  new  SERM  concept  [2,  23]  into 
clinical  testing  and  validation  during  the  1990’s. 

Uterus,  Breast  and  Endometrial  Cancer 

The  development  of  the  athymic  (immune  deficient) 
mouse  models  provided  an  invaluable  opportunity  to  study 
human  tumor  cell  lines  in  vivo.  The  ER  positive  breast 
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cancer  cell  line  MCF-7  [56]  can  be  inoculated  into 
ovariectomized  athymic  mice  and  will  grow  into  tumors  in 
response  to  the  administration  of  sustained  release  physiologic 
estradiol.  However,  the  pharmacology  of  tamoxifen  is 
species  specific;  the  compound  is  classified  as  an  anti¬ 
estrogen  in  the  rat  but  an  estrogen  in  the  mouse  [7]. 
Administration  of  tamoxifen  to  athymic  mice  implanted  with 
MCF-7  tumors  demonstrated  that  only  estradiol  would  cause 
the  human  breast  tumor  to  grow,  tamoxifen  did  not  [22]. 
Nevertheless,  the  ovariectomized  mouse  uterus  grew  in 
response  to  either  tamoxifen  or  estradiol.  There  was  target 
site  specificity  and  the  conclusions  in  a  pivotal  paper  [22] 
clearly  stated  the  idea  “The  species  differences  observed 
with  tamoxifen  are  the  result  of  differences  in  the  inter¬ 
pretation  of  the  drug-ER  complex  by  the  cell.  The  drug-ER 
complex  is  perceived  as  either  a  stimulatory  or  an  inhibitory 
signal  in  the  different  target  tissues  from  different  species”. 
Nevertheless,  the  results  could  have  been  the  result  of 
species  differences  in  pharmacology  and  not  tissue  specific 
pharmacology.  To  address  this  question  two  approaches 
were  taken  1)  the  target  site  specificity  of  two  human  tumors 
were  compared  and  contrasted  implanted  in  the  same 
athymic  mouse  and  2)  inbred  strains  of  mice  with  a  high 
incidence  of  mammary  tumors  were  used  to  determine 
whether  there  was  target  site  specificity  to  prevent  mammary 
cancer  in  the  same  species  of  rodent. 

Bitransplantation  of  ovariectomized  mice  with  a  MCF-7 
breast  tumor  in  one  axillary  fat  pad  and  an  EnCalOl  human 
endometrial  tumor  in  the  other  provides  an  ideal  translational 
model  to  evaluate  the  responsiveness  of  two  human  tumors 
in  the  same  therapeutic  environment.  The  analogy  would  be 
the  responsiveness  of  the  breast  cancer  patient  to  adjuvant 
tamoxifen  but  with  an  occult  endometrial  tumor.  At  the  time 
of  the  experiments  in  1987  there  were  no  reports  of  an 
increase  in  endometrial  cancer  incidence  in  any  adjuvant 
clinical  trials.  The  laboratory  study  demonstrated  that 
tamoxifen  blocked  breast  tumor  growth  but  tamoxifen 
enhanced  estrogen- stimulated  endometrial  cancer  growth 
[18]. 

Even  before  the  start  of  the  tamoxifen  chemoprevention 
trials  in  the  early  1990’ s  it  was  clear  that  a  new  approach  to 
the  chemoprevention  of  breast  cancer  was  necessary.  Firstly 
the  targeted  population  for  preventing  breast  cancer  was  only 
a  small  percent  of  the  potential  population  at  risk  ie:  only 
about  8-10  women  will  develop  breast  cancer  per  1000 
high  risk  women  per  year.  However,  all  women  will  be 
exposed  to  the  side  effects  of  tamoxifen.  An  increased  risk  of 
developing  endometrial  cancer  was  obviously  significant 
to  women  so  a  solution  needed  to  be  addressed.  Another 
medicine  was  necessary  but  clues  were  already  in  the 
refereed  literature  to  formulate  a  strategy  for  the  new  drug 
class  -  the  SERMs.  An  important  clue  was  to  be  found  using 
the  ‘nonsteroidal  antiestrogen’  keoxifene  abandoned  by  Eli 
Lilly  following  its  failure  in  testing  as  a  breast  cancer  drug 
competitor  to  tamoxifen  in  1987.  Keoxifene  was  not  as 
estrogen-like  as  tamoxifen  in  the  rodent  uterus  [57]  but  was 
used  as  a  comparator  compound  to  illustrate  that  different 
antiestrogens  would  modulate  the  growth  of  human 
endometrial  carcinoma  implanted  in  to  athymic  mice  [58]. 
Keoxifene  did  not  have  the  same  efficacy  as  tamoxifen  to 
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enhance  the  growth  of  human  endometrial  carcinoma  under 
laboratory  conditions.  Indeed  keoxifene  could  block  full 
tamoxifen  stimulated  endometrial  carcinoma  growth  [58]. 
This  was  important  pharmacological  evidence  published 
in  the  refereed  literature  years  before  raloxifene  (a.k.a. 
keoxifene)  advanced  the  path  for  progress  in  women’s  health 
after  1992. 

The  additional  important  target  site  specific  evidence  to 
support  the  clinical  development  of  SERMs  for  women’s 
health  was  the  use  of  inbred  strains  of  mice  with  a  high 
incidence  of  spontaneous  mammary  cancer.  The  question  to 
be  addressed  was  whether  tamoxifen  could  prevent  mouse 
mammary  carcinogenesis  if  the  drug  was  classified  as  an 
estrogen  in  the  mouse.  Professor  Antoine  Lacassagne  had 
used  this  model  to  support  his  hypothesis  stating  earlier  that 
“Therapeutic  compounds  could  be  found  to  stop  the 
congestion  of  oestrone  in  the  breast”  [1].  However,  tamoxifen 
was  classified  as  an  estrogen  in  the  mouse  [7].  Studies 
comparing  and  contrasting  tamoxifen  and  oophorectomy  in 
the  C3H/OUJ  mouse  strain  demonstrated  that  long  term 
tamoxifen  treatment  was  effective  in  preventing  mouse 
mammary  tumorigenesis,  was  superior  to  oophorectomy,  and 
that  tamoxifen’s  action  as  an  estrogen  in  the  uterus  was 
target  site  specific  in  the  same  species  [59,  60].  Overall  these 
mouse  studies  (athymic  and  high  incidence  mammary  cancer 
strains)  demonstrated  “targeted  estrogenic  and  antiestrogenic 
actions”. 

Summary  and  Conclusion 

As  a  result  of  the  finding  in  the  laboratory  [18], 
Fornander  and  colleagues  [19]  reported  a  significant 
increase  in  the  risk  of  developing  endometrial  cancer  during 
tamoxifen  therapy.  Practice  changes  occurred  immediately 
and  regular  gynecologic  examinations  were  recommended 
for  women  taking  tamoxifen.  It  is  important  to  note, 
however,  that  the  risk  of  developing  endometrial  cancer  is 
only  elevated  in  postmenopausal  women.  The  laboratory 
testing  and  reinvention  of  raloxifene  as  an  antiestrogen  with 
no  uterine  effects  was  to  be  critical  to  exploit  the  discovery 
of  the  estrogen-like  effects  of  tamoxifen  and  raloxifene  in 
bone. 

Bone  and  Mammary  Tumorigenesis 

The  fact  that  estrogens  build  bone  and  estrogen 
deprivation  during  the  postmenopausal  period  enhances  the 
risk  of  osteoporosis  was  a  major  concern  for  implementing  a 
safe  strategy  of  breast  chemoprevention  with  the  nonsteroidal 
antiestrogen  tamoxifen.  An  antiestrogenic  drug  may  prevent 
breast  cancer  in  a  few  but  enhance  the  risk  of  osteoporosis  in 
the  majority.  Laboratory  research  and  clinical  translation 
would  change  that  perspective  and  deliver  the  SERMs  as  a 
new  drug  group. 

An  early  report  using  clomiphene  (the  mixture  of 
estrogenic  cis  and  antiestrogen  trans  isomers)  in  the 
ovariectomized  rats  [61]  concluded  that  clomiphene  builds 
bone.  However,  the  study  was  flawed  because  clomiphene  is 
a  mixture  of  estrogenic  and  antiestrogenic  isomers.  It  may 
have  been  that  the  estrogenic  isomer  built  bone  in  the 
administered  mixture  of  clomiphene  isomers.  In  contrast,  the 
first  study  in  the  ovariectomized  rats  with  the  nonsteroidal 


antiestrogens  tamoxifen  and  keoxifene  (ie:  raloxifene)  only 
used  pure  compounds  based  on  a  trans  or  “antiestrogenic” 
conformation.  Both  compounds  blocked  estradiol-induced 
increases  in  uterine  weight  but  retarded  decreases  in  bone 
loss  and  did  not  block  estradiol  induced  increases  in  bone 
density  [21].  The  results  with  tamoxifen  were  immediately 
confirmed  by  others  in  the  rat  [62,  63]  and  these  laboratory 
data  were  used  to  test  the  concept  that  tamoxifen  is  estrogen¬ 
like  in  bone  in  the  Wisconsin  Tamoxifen  Study.  Tamoxifen 
maintained  and  built  bone  in  postmenopausal  women  with 
node  negative  (low  risk  recurrence)  breast  cancer  [25]  This 
result  demonstrated,  for  the  first  time  in  a  prospective 
randomized  clinical  trial,  that  the  principle  of  “selective 
estrogenic  (bone)  and  antiestrogenic  (breast)  action” 
occurred  in  humans.  Also  the  laboratory  data  suggested  that 
the  target  site  specificity  of  the  ‘nonsteroidal  antiestrogens’ 
was  not  unique  to  tamoxifen  but  was  a  class  effect.  The 
initial  discovery  with  the  bone  building  effects  of  tamoxifen 
and  raloxifene  [21]  coupled  with  the  demonstration  of  the 
inhibition  of  rat  mammary  carcinogenesis  with  either 
tamoxifen  and  raloxifene  [20]  prompted  the  description  of  a 
vision  for  the  future  use  of  the  new  class  of  drugs  [2,  23]. 
However,  the  rat  mammary  carcinogenesis  studies  with 
tamoxifen  and  raloxifene  showed  that  the  effect  of  raloxifene 
was  not  superior  to  tamoxifen  and  would  not  be  long 
lasting  [23].  This  would  be  demonstrated  subsequently  in 
postmenopausal  women  in  the  STAR  trial  [32]. 

SUMMARY  AND  CONCLUSIONS 

The  laboratory  and  clinical  data  which  demonstrated  that 
tamoxifen  is  estrogen-like  by  increasing  rat  bone  density  and 
bone  density  in  postmenopausal  women  was  reassuring 
to  move  forward  with  the  chemoprevention  trials  with 
tamoxifen  in  the  1990’ s.  However,  the  fact  that  keoxifene 
maintained  bone  density  in  the  ovariectomized  rat  [21]  (but 
without  an  estrogen-like  effect  in  the  uterus  seen  with 
tamoxifen)  triggered  the  hypothesis  that  drugs  of  this  class 
could  be  used  to  treat  osteoporosis  and  atherosclerosis,  and 
prevent  breast  cancer  at  the  same  time  [2,  23].  The 
development  of  raloxifene  was  the  result  to  prevent  both 
osteoporosis  and  to  reduce  the  incidence  of  breast  cancer. 

There  is  a  long  and  sustained  decrease  in  breast  cancer 
incidence  for  a  decade  (at  least)  after  tamoxifen  stops  [64- 
66].  This  is  not  true  for  raloxifene  in  the  STAR  trial  after 
treatment  stops.  Raloxifene  is  recommended  to  be  used 
continuously  to  prevent  the  developing  breast  cancers  [32]. 

Concepts  in  the  Control  of  Coronary  Heart  Disease 
(CHD) 

In  the  days  before  atorvastatin  (or  ‘statins’;  HMG  CoA 
reductase  inhibitors)  was  proven  to  reduce  low  density 
lipoprotein  (LDL)  cholesterol  [67]  and  as  a  result  reduce  the 
risk  of  coronary  heart  disease  due  to  atherosclerosis  [68-70], 
a  variety  of  drugs  that  interfered  with  cholesterol  metabolism 
were  evaluated.  One  such  compound  triparanol  blocked 
cholesterol  biosynthesis  [71]  but  became  a  cause  celebre  as 
the  buildup  in  desmosterol  was  linked  to  cataract  formation 
in  young  women  taking  the  medicine  [72].  The  Merrell 
company  in  Cincinnati  who  manufactured  and  marketed 
triparanol  subsequently  chose  to  avoid  development  of  any 
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drug  that  increases  circulating  desmosterol.  The  subsequent 
discovery  and  investigation  of  clomiphene  by  Merrell  also 
showed  an  increase  in  desmosterol,  so  long  term  treatment 
with  clomiphene  was  subsequently  avoided  [14]. 

A  related  compound,  ICI  46,464,  is  the  pure  trans  isomer 
of  triphenylethylene  but  does  not  increase  desmosterol 
despite  the  fact  that  circulating  cholesterol  is  lowered  in  the 
rat  [7].  A  safer  toxicology  profile  predetermined  the  drug  as 
a  useful  antiestrogen  to  use  in  long  term  therapy  for  a  disease 
such  as  breast  cancer.  Indeed  the  fact  that  tamoxifen  lowered 
circulating  cholesterol  in  the  rat  was  included  in  the  patent. 
The  application  for  tamoxifen  stated,  “The  alkene  derivatives 
of  the  invention  are  useful  for  the  modification  of  the 
endocrine  status  in  man  and  animals  and  they  may  be  useful 
for  the  control  of  hormone- dependent  tumours  or  for  the 
management  of  the  sexual  cycle  and  aberrations  thereof. 
They  also  have  useful  hypocholesterolaemic  activity”. 

Subsequent  clinical  studies  [24,  26,  73,  74]  demonstrated 
a  decrease  in  LDL  cholesterol  thereby  holding  out  the 
promise  that  drugs  of  this  class  might  reduce  atherosclerosis 
and  reduce  the  risk  of  CHD.  Although  several  individual 
reports  have  noted  decreases  in  CHD  in  patients  taking  long¬ 
term  adjuvant  tamoxifen  [75,  76]  and  a  recent  study  found 
that  taking  tamoxifen  for  the  recommended  5  years  reduces 
the  risk  of  cardiovascular  disease  and  death  as  a  result  of  a 
cardiovascular  event  [77],  particularly  among  those  age  50  to 
59  years,  the  Overview  Analyses  of  all  data  does  not  support 
cardioprotection  [78]. 

Overall,  with  antiestrogenic  effects  in  the  breast, 
estrogen- like  effects  in  the  bone,  and  an  action  that  lowered 
circulating  cholesterol,  the  stage  was  set  to  create  a  new  drug 
group  the  SERMs  with  an  evidenced  based  roadmap  for 
future  drug  development  [2] . 

Although  tamoxifen  is  the  pioneering  SERM,  raloxifene 
is  the  medicine  that  first  exploited  the  “roadmap”  successfully 
starting  in  1992  [79].  Scientists  at  Eli  Lilly  [80]  confirmed 
the  concept  in  animal  models  measuring  bone  density, 
uterine  weights  and  circulating  cholesterol  (tamoxifen  had 
been  patented  as  a  hypocholesterolemia  drug  in  the  early 
1960’s  and  related  compounds  also  affected  cholesterol 
metabolism  and  biosynthesis  so  the  Lilly  scientists 
confirmed  the  class  effect  of  the  drug  group)  and  initiated  the 
Multiple  Outcomes  of  Raloxifene  Evaluation  or  MORE  trial. 
Raloxifene  would  be  the  first  SERM  to  be  approved  for  two 
of  the  three  properties  of  the  “ideal  SERM”:  reduction  in  the 
incidence  of  fractures  from  osteoporosis  and  the  reduction  in 
the  incidence  of  breast  cancer  [29-31].  Although  raloxifene 
lowers  circulating  cholesterol  in  postmenopausal  women, 
raloxifene  does  not  reduce  the  risk  of  CHD  in  women  at  high 
risk  [81]. 

SUMMARY  AND  CONCLUSION 

The  tantalizing  clues  that  the  nonsteroidal  antiestrogens 
tamoxifen  and  raloxifene  can  lower  total  circulating 
cholesterol  in  ovariectimized  rats  and  LDL  cholesterol  in 
postmenopausal  women  did  not,  for  these  compounds 
translate  to  decreasing  CHD.  This  goal  would,  however,  be 
achieved  with  a  new  agent  lasofoxifene  (see  section  on  new 
SERMs  under  investigation). 
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MOLECULAR  MECHANISMS  OF  SERM  ACTION 

There  are  two  ERs  referred  to  as  a  and  P  [82-84].  Each 
receptor  protein  is  encoded  on  different  chromosomes, 
and  have  homology  as  members  of  the  steroid  receptor 
superfamily.  There  are  distinct  patterns  of  distribution  and 
distinct  and  subtle  differences  in  structure  and  ligand  binding 
affinity  [85].  The  ratio  of  ERa  and  ERp  at  a  target  site  may 
be  an  additional  dimension  for  tissue  modulation.  A  high 
ERa:  ERp  ratio  correlates  well  with  high  levels  of  cellular 
proliferation  whereas  the  predominance  of  functional  ERp 
over  ERa  correlates  with  repression  of  proliferation  [86-89]. 
Indeed,  the  ratio  of  ERs  in  normal  and  neoplasic  breast 
tissue  could  be  important  for  the  long-term  success  of 
chemoprevention  with  SERMs. 

The  functional  differences  between  ERa  and  ERp  can  be 
traced  to  the  differences  in  the  Activating  Function  1  (AF-1) 
domain  located  in  the  amino  terminus  of  the  ER.  The  amino 
acid  homology  of  AF-1  is  poorly  conserved  between  ERa 
and  ERp  (only  20%).  In  contrast,  the  AF-2  region  located  at 
the  C  terminus  of  the  ligand  binding  domain,  differs  only  by 
one  amino  acid:  D545  in  ERa  and  N496  in  ERp.  Together 
the  AF-1  and  AF-2  are  important  for  the  interaction  with 
other  co-regulatory  proteins  that  control  gene  transcription. 
Studies  using  chimeras  of  ER  a  and  P  by  switching  the 
AF-1  regions  demonstrates  the  cell  and  promoter  specific 
differences  in  transcriptional  activity  [90,  91].  In  general, 
SERMs  can  partially  activate  engineered  genes  regulated  by 
an  estrogen  response  element  through  ERa  but  not  ERp  [92] . 
In  contrast,  4-hydroxytamoxifen  and  raloxifene  can  stimulate 
activating  protein- 1  (AP-1)  regulated  reporter  genes  with 
both  ERa  and  ERp  in  a  cell  dependent  fashion  [93]. 

The  simple  model  for  estrogen  action,  with  either  ERa  or 
ERp  initiating  estrogen  action  in  the  nucleus,  has  now 
evolved  to  a  new  dimension  of  protein  partners  that 
modulate  gene  transcription  (Fig.  2).  Since  the  first  steroid 
receptor  coactivator  (SRC-1)  was  described  by  O’Malley’s 
group  [94]  there  are  now  hundreds  of  coactivator  and 
corepressor  molecules  (Fig.  2)  [95]. 

The  finding  that  there  are  two  ERs,  has  resulted  in  the 
synthesis  of  a  range  of  receptor  specific  ligands  to  switch  on 
or  switch  off  a  particular  receptor  [96].  It  is,  however,  the 
external  shape  of  the  resulting  complex  that  becomes  the 
catalyst  for  changing  the  response  to  a  SERM  at  a  tissue 
target.  Kraichely  and  co-workers [97]  demonstrated  the 
important  observation  that  agonists  for  ERa  and  ERp 
produce  subtle  quantitative  differences  with  the  interaction 
of  members  of  the  SRC  family  (SRC  1,  2  and  3)  and  that  the 
coactivator  can  enhance  ligand  affinity  for  the  ER. 

It  is  reasonable  to  ask  how  the  ligand  programs  the 
receptor  complex  to  interact  with  other  proteins?  X-ray 
crystallography  of  estrogens  or  antiestrogens  locked  in  the 
ligand  binding  domains  of  the  ER  demonstrates  the 
mechanics  where  ligands  promote  coactivator  binding  or 
prevent  coactivator  binding  based  on  the  shape  of  the 
estrogen  or  antiestrogen  receptor  complex  [98,  99].  Evidence 
has  now  accumulated  to  document  that  the  broad  spectrum 
of  ligands  that  bind  to  the  ER  can  create  a  broad  range  of  ER 
complexes  that  are  either  fully  estrogenic  or  antiestrogenic  at 
a  particular  target  site  [100].  Thus  a  mechanistic  model  of 
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estrogen  action  and  antiestrogen  action  (Fig.  2)  has  emerged 
based  on  the  shape  of  the  ligand  that  programs  the  complex 
for  future  action.  But  how  is  the  response  initiated? 

Not  surprisingly,  the  coactivator  model  of  steroid 
hormone  action  has  now  become  enhanced  into  multiple 
layers  of  complexity  thereby  amplifying  the  molecular 
mechanisms  of  modulation.  It  appears  that  coactivators  are 
not  simply  protein  partners  that  connect  one  site  to  another  in 
a  complex  [101].  The  co activators  actively  participate  in 
modifying  the  activity  of  the  complex.  Post  translational 
modification  of  coactivators  via  multiple  kinase  pathways 
initiated  by  cell  surface  growth  factor  receptors  (e.g. 
epidermal  growth  factor  receptor,  insulin- like  growth  factor 
receptor  1  and  ERBB2,  also  known  as  HER2)  can  result  in  a 
dynamic  model  of  steroid  hormone  action.  The  core 
coactivator  e.g.  SRC3  (Fig.  2)  first  recruits  a  specific  set  of 
co-coactivators  e.g.  p300  and  ubiquitin-conjugating  ligases 
under  the  direction  of  numerous  protein  remodelers  (e.g.  the 
peptidyl-prolyl  isomerase  Pinl,  heat  shock  proteins  and 
proteasome  ATPases)  to  form  a  multi-protein  coactivator 
complex  that  interacts  with  the  phosphorylated  ER  at  the 
specific  gene  promoter  site  [101].  Most  importantly,  the 
proteins  assembled  by  the  core  coactivator  as  the  core 
coactivated  complex  have  individual  enzymatic  activities  to 
acetylate  or  methylate  adjacent  proteins.  Multiple  cycles  of 
the  reaction  can  polyubiquitinate  a  substrate  i.e.  ER  or  a 
CoA,  or,  depending  on  the  ubiquitin-ubiquitin  linkage 
proteins  can  either  to  be  activated  further  (K63  linkage)  or 
degraded  by  the  26S  proteasome  (K48  linkage)  [102]. 

Thus  for  effective  gene  transcription,  programmed  and 
targeted  by  the  shape  and  phosphorylation  status  of  the  ER 
and  coactivators,  a  dynamic  and  cyclic  process  of 
remodeling  capacity  is  required  for  transcriptional  assembly 
[103]  that  is  immediately  followed  by  the  routine  destruction 
of  transcription  complexes  by  the  proteasome.  Estrogen  and 
SERM-ER  complexes  have  distinct  accumulation  patterns  in 
the  target  cell  nucleus  [104,  105]  because  they  are  destroyed 
at  different  rates  [106]. 

These  fundamental  mechanisms  [101,  107]  in  physiology 
also  apply  to  the  development  of  acquired  drug  resistance  to 
SERMs  in  breast  cancer.  Model  systems  have  demonstrated 
the  conversion  of  the  tamoxifen  ER  complex  from  an  anti¬ 
estrogenic  signal  to  an  estrogenic  signal  in  an  environment 
enhanced  for  phosphorylation  by  overexpression  of  the 
ERBB2cell  surface  receptor  and  an  increase  in  SRC3  (AIB1) 
[108,  109].  The  enhanced  level  of  coactivators  and  its 
enhanced  phosphorylation  state  derived  from  an  activated 
ERBB2  phosphorylation  pattern  will  enhance  the  estrogen¬ 
like  activity  of  tamoxifen  at  the  ER.  Clearly,  issues  of  SERM 
action  at  target  tissues  and  the  eventual  development  of 
acquired  drug  resistance  in  breast  cancer  will  be  amplified 
for  tumor  cell  survival  as  the  duration  of  SERM  use  extends 
from  a  few  years  to  perhaps  decades  [52]. 

THE  CURRENT  AND  NEXT  GENERATION  OF 
SERMS 

Tamoxifen  and  Raloxifene 

There  are  currently  2  main  chemical  classes  of  SERMs 
approved  for  clinical  use:  the  first-generation  triphenylethylene 


derivatives,  tamoxifen  [110]  and  toremifene  [111,  112], 
which  are  used  in  the  treatment  and  in  the  case  of  tamoxifen 
in  the  prevention  of  breast  cancer  [65,  113];  and  raloxifene,  a 
second-generation  benzothiopene  derivative  indicated  for  the 
treatment  and  prevention  of  osteoporosis  [29]  and  the 
reduction  of  breast  cancer  incidence  in  high  risk  post¬ 
menopausal  women  [31].  All  3  compounds  also  have 
beneficial  effects  on  serum  lipids,  but  are  still  associated 
with  adverse  effects  such  as  hot  flushes  and  an  increase  in 
the  risk  of  venous  thromboembolism  (VTE).  Raloxifene  is 
the  only  SERM  compound  approved  worldwide  for  the 
prevention  and  treatment  of  postmenopausal  osteoporosis 
and  fragility  fractures.  The  pivotal  registration  MORE 
(Multiple  Outcomes  of  Raloxifene  Evaluation)  trial  was  a 
multicentered,  randomized,  blinded,  placebo-controlled  trial 
that  included  7705  women  aged  31-80  years  from  25 
countries.  Results  of  the  trial  showed  significantly  reduced 
vertebral  fractures  in  the  raloxifene  group  (RR  0.60;  95%  Cl 
0.50  to  0.70;  p  <  0.01)  [29].  Raloxifene  did  not  significantly 
reduce  nonvertebral  fractures  with  either  60  or  120  mg/day 
[29].  BMD  increased  by  0.4  to  1.20%  at  the  lumbar  spine; 
these  effects  have  been  documented  further  for  at  least  7 
years  in  the  CORE  (Continuing  Outcomes  Relevant  to 
E vista)  trial  [114].  All  participants  received  500  mg  of 
calcium  and  400-600  IU  of  vitamin  D  each  day,  in  addition 
to  study  treatments.  It  is  also  important  to  stress  that 
continuous  treatment  with  raloxifene  effectively  controls  the 
development  of  breast  cancer  [115]. 

Raloxifene  lacks  estrogenic  activity  in  the  uterus  and  has 
not  demonstrated  tamoxifen-like  effects  in  the  uterus  either 
histopathologically  or  ultrasonographically  [116],  but  it  has 
been  associated  with  adverse  effects  such  as  VTE  and 
vasomotor  symptoms,  including  hot  flushes.  In  addition, 
both  preclinical  and  clinical  reports  suggest  that  these  ER 
agonists  are  considerably  less  potent  than  estrogen  for  the 
treatment  of  osteoporosis.  The  goal,  therefore,  became  to 
create  a  “Designer  Estrogen”  [117]  and  enhance  the  value  of 
the  new  multifunctional  medicines.  Newer  generation 
SERMs  being  investigated  for  the  prevention  and  treatment 
of  osteoporosis  in  postmenopausal  women  include  ospemifene 
(Ophena;  QuatRx  Pharmaceuticals),  lasofoxifene  (Fablyn; 
Pfizer),  bazedoxifene  (Viviant;  Wyeth  Pharmaceuticals),  and 
Arzoxifene  (LY353381,  Lilly)  which  are  in  Phase  III  clinical 
trials  or  have  undergone  regulatory  review  (Fig.  3,  Table  1). 
Other  SERMS  have  had  clinical  trials  suspended  prematurely: 
levormeloxifene,  for  causing  urinary  incontinence  and 
uterine  prolapse,  and  idoxifene,  for  producing  increased 
endometrial  thickness  on  ultrasonography  but  without 
significant  histologic  abnormalities  [116]. 

The  four  SERMs  we  will  consider  in  detail  have  all 
achieved  significant  clinical  evaluation.  Some  have  moved 
forward  to  be  approved  in  some  countries,  others  have  not 
been  advanced.  It  is,  however,  important  from  a  drug 
development  perspective  to  state  the  idea  for  each  structure 
was  an  improvement  on  the  original  discovery  of  the  core 
structure,  in  some  cases,  50  years  ago.  The  links  with  the 
original  pharmacologic  discoveries  is  illustrated  in  Fig.  (4), 
but  the  goal  is  to  find  the  ideal  SERM  (Fig.  5).  Ospemifene 
is  the  direct  result  of  the  discovery  of  a  weak  anti¬ 
estrogenic  metabolite  of  tamoxifen  Metabolite  Y,  formed  by 
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Fig.  (3).  Chemical  structure  of  estradiol  and  selective  estrogen  receptor  modulators  (SERMs);  raloxifene,  tamoxifen,  toremifene,  ospemifene, 
lasofoxifene,  arzoxifene  and  bazedoxifene. 


Table  1.  Current  Status  of  New  SERMs 


Drug  Name 

Category 

(Structure) 

Effects 

Preclinical  Results 

Clinical  Status 

Ospemifene* 

Tamoxifen¬ 

like 

Vaginal  atrophy  treatment 
Osteoporosis  treatment 
Breast  cancer  prevention 

Estrogenic  effects  on  vaginal 
epithelium  that  is  not 
observed  with  tamoxifen  or 
raloxifene  [130,  131,  134] 
Inhibits  tumor  growth  in 
animal  models  as  effective 

as  tamoxifen  [137,  138] 

Phase  III  trial  (826  women)  relieves  vaginal  dryness 

Phase  II  trial  (118  women):  Comparable  to  or  slightly 
better  than  raloxifene  [135] 

Phase  III  trial  planned  (detail  not  available) 

Not  available 

Arzoxifene* 

(LY353381) 

Raloxifene¬ 

like 

Breast  cancer  treatment 
Breast  cancer  prevention 

Antiestrogenic  in  breast  and 
endometrium,  estrogenic  in 
bone  and  lipids  [172] 

Effective  to  prevent  ER- 
positive  and  ER-negative 
mammary  tumors  especially 
in  combination  with 

LG100268  [138,216] 

Phase  III  trial  (200  patients)  inferior  to  tamoxifen  [217] 

Phase  I  trials  (50  and  76  women)  low  toxicity  and 
favorable  biomarker  profile  [218] 

Lasofoxifene* 

(CP-336156, 

Fablyn) 

Raloxifene¬ 

like 

Osteoporosis  treatment 
and  prevention 

Vaginal  atrophy  treatment 
Breast  cancer  treatment 
and  prevention 

Heart  disease  prevention 

Higher  potency  than 
tamoxifen  and  raloxifene 
[139];  higher  oral 
bioavailability  than 
raloxifene  [54] 

Effects  similar  to  tamoxifen 
to  prevent  and  treat  NMU- 
induced  mammary  tumor  in 
rats  [219] 

Phase  III  trial  (1,907  women)  significantly  increases  bone 
mineral  density  compared  to  placebo,  no  endometrial 
effects,  no  association  with  thromboembolic  disorder  [142] 
Phase  III  trial  to  compare  with  raloxifene  (CORAL  trial, 
details  not  available) 

Phase  III  trail  (445  patients)  improves  vaginal  atrophy 
compared  to  placebo 

Phase  III  trial  (PEARL  trial  with  8,556  women),  reduces 
ER-positive  breast  cancer  incidence  compared  to  placebo; 
slightly  decreases  major  coronary  disease  risk;  reduces 
vertebral  and  non- vertebral  fractures;  increases  risks  of 
venous  thromboembolic  events  but  not  stroke;  no 
endometrial  effects  [SABCS  2008,  abstract  11] 
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Table  1.  contd.... 


Drug  Name 

Category 

(Structure) 

Effects 

Preclinical  Results 

Clinical  Status 

Bazedoxifene* 

(TSE-424 

WAY- 

140424) 

Raloxifene¬ 

like 

Osteoporosis  treatment 
and  prevention 

Breast  cancer  prevention 

Increases  bone  density  with 
little  uterine  or  vasomotor 

effects 

Inhibits  estrogen-stimulated 
breast  cancer  cells  growth 
[154] 

Phase  III  trial  (7,492  women)  reduces  vertebral  and  non- 
vertebral  fracture  incidences,  while  raloxifene  is  not 
effective  against  non-vertebral  fracture  [160] 

Phase  III  trial  (497  women)  reduces  endometrial  thickness, 
unique  property  among  known  SERMs  [220] 

Not  available 

*Ospemifene-  not  approved  by  the  FDA,  *  Arzoxifene-  not  approved  by  the  FDA,  trials  terminated  by  Eli  Lilly,  *  Lasofoxifene-  not  approved  by  the  FDA,  approved  in  the  EU, 
*Bazedoxifene-  not  approved  by  the  FDA,  approved  in  the  EU. 
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Fig.  (4).  Origins  of  current  selective  ER  modulators  for  earlier  nonsteroidal  antiestrogens.  Ospemifene  is  a  known  metabolite  of  the  breast 
metabolite  of  the  breast  cancer  drug  toremifene.  The  metabolite  of  toremifene  was  found  because  an  analogous  metabolite  Y  was  discovered 
for  tamoxifen  in  the  early  1980’s  [119].  Lasofoxifene  has  its  origins  with  failed  antifertility  agent  discovered  in  the  early  1960’s  U-ll,  100A 
[121].  The  compound  renamed  nafoxidine  was  tested  as  a  drug  for  the  treatment  of  breast  cancer  but  again  failed  because  of  serious  side 
effects  [123].  Bazedoxifene  is  an  adaptation  of  an  estrogenic  metabolite  from  a  failed  breast  cancer  drug  Zindoxifene  [124].  Arzoxifene  is  the 
final  compound  in  the  lineage  to  find  the  optimal  long  acting  SERM  from  the  discovery  that  the  hydroxylated  metabolite  of  tamoxifen  4- 
hydroxytmaoxifen  has  a  very  high  binding  affinity  for  ER  [35].  Raloxifene  was  a  direct  result  of  this  discovery  which  became  a  successful 
SERM  in  clinical  practice. 
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Fig.  (5).  Progress  toward  an  ideal  SERM.  The  overall  good  or  bad  aspects  of  administering  hormone  replacement  therapy  to  postmenopausal 
women  compared  with  the  observed  site-specific  actions  of  the  selective  estrogen  receptor  modulators  tamoxifen  and  raloxifene.  The  known 
beneficial  or  negative  actions  of  SERMs  have  opened  the  door  for  drug  discovery  to  create  the  ideal  SERM  or  targeted  SERMs  to  either 
improve  quality  of  life  or  prevent  diseases  associated  with  aging  in  women.  This  figure  is  published  with  permission  from  Elsevier.  Jordan, 
V.C.  Selective  estrogen  receptor  modulation:  Concept  and  consequences  in  cancer.  Cancer  Cell,  2004  Mar;  5(3):  207-213. 


demethylation,  and  deamination  to  a  glycol  side  chain  [118, 
119].  The  analogous  metabolite  was  found  for  toremifene 
and  became  ospemifene.  Unlike  tamoxifen  toremifine  is  not 
a  rat  hepatocarcinogen  [120]  so  ospemifene  would  be  a  safer 
SERM.  Lasofoxifene  is  derived  from  nafoxidine  (Ull, 
100 A)  which  was  discovered  as  an  antifertility  compound  in 
rodents  [121,  122],  that  evolved  to  be  an  experimental  breast 
cancer  drug  but  was  too  toxic  [123].  Basedoxifene  is  related 
to  a  metabolite  of  a  failed  breast  cancer  drug  zindoxifene 
[124]  and  arzoxifene  is  the  end  product  in  the  line  of  4- 
hydroxytamoxifen  [35],  the  antiestrogen  is  a  metabolite  of 
tamoxifen  with  high  affinity  for  the  ER  but  poor  antitumor 
activity  [37],  to  raloxifene  (also  with  a  poor  antitumor 
activity  [125])  and  then  to  arzoxifene  in  an  attempt  to 
improve  pharmacokinetics  and  develop  a  better  breast  cancer 
drug.  We  will  consider  the  clinical  evaluation  of  each. 

Ospemifene 

Ospemifene,  is  an  antiestrogenic  triphenylethylene 
derivative  structurally  similar  to  tamoxifen  and  toremifene. 
The  story  of  the  structure  is  of  interest.  In  1982/83  a  new 
metabolite  of  tamoxifen  was  reported  and  shown  to  be  a 
weak  antiestrogen  [38,  118].  Subsequently,  the  related 
metabolite  of  toremifene  was  found  and  reported.  This 
metabolite  is  now  known  as  ospemifene.  Ospemifene  was 
initially  designed  to  treat  vaginal  atrophy  in  postmenopausal 
women;  however,  it  may  also  be  useful  for  the  prevention 
and  treatment  of  osteoporosis.  Ospemifene  binds  to  both 
ERs,  though  binds  to  the  ERa  more  strongly.  Similar  to  17P- 
estradiol  and  tamoxifen,  its  estrogen-like  effects  are  noted  to 
occur  in  bone  via  enhanced  osteoblastic  proliferation  and 


differentiation,  but  not  osteoclast  apoptosis.  Raloxifene,  in 
contrast,  is  noted  to  induce  osteoclast  apoptosis.  Increased 
mineralization  and  bone  nodule  formation  have  been 
demonstrated  in  bone  marrow  cultures  [126].  In  an 
ovariectomised  rat  model,  ospemifene’ s  role  in  improved 
bone  strength  and  density  has  been  compared  to  estradiol 
and  other  SERMs,  and  at  a  dose  of  lOmg/kg,  ospemifene  has 
been  found  to  prevent  bone  loss  and  increase  bone  strength 
on  the  femoral  neck  and  lumbar  vertebrae  similar  to  the  bone 
agonist  effects  observed  in  estradiol  (at  50  pg/kg),  raloxifene 
(3  mg/kg)  and  droloxifene  (10  mg/kg)  [127]. 

In  the  immature  rat  uterus,  ospemifene  has  been  shown 
to  be  of  the  order  of  200-  to  1000-fold  less  estrogenic 
than  estradiol  [127].  Notably,  even  at  doses  sufficient  to 
prevent  bone  loss,  ospemifene  was  found  to  induce  weak 
antagonistic  activity  in  the  uterus  and  may  even  preserve 
normal  endometrium.  At  doses  5-10  times  higher  than  that 
required  to  prevent  bone  loss,  however,  ospemifene  does 
appear  to  have  estrogenic  effects  at  the  uterus  similar  to  that 
seen  with  1  mg/kg  of  tamoxifen  [127]. 

Tamoxifen  appears  to  induce  liver  carcinogenesis  via  the 
creation  of  DNA  adduct,  but  this  does  not  occur  with 
ospemifene  in  rats.  This  fact  has  led  to  the  belief  that 
ospemifene ’s  carcinogenic  potential  is  lower  than  that  noted 
in  tamoxifen  [127,  128]. 

Data  pooled  from  at  least  seven  clinical  trials  have  shown 
ospemifene  has  a  favorable  toxicity  profile  and  is  generally 
well  tolerated  [129-135].  Headache  was  the  most  commonly 
reported  adverse  event,  with  rates  similar  to  that  of  placebo 
(15%  and  12.8%,  respectively)  [129].  Likewise,  endometrial 
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effects  produced  by  ospemifene  are  comparable  to  that  seen 
with  raloxifene,  and  are  less  than  that  observed  with 
tamoxifen  [130,  131,  134].  In  the  vagina,  however,  ospemifene 
does  have  more  estrogenic  effects,  thereby  improving 
vaginal  dryness  more  effectively  than  either  raloxifene  or 
tamoxifen  [130,  134].  Similarly,  ospemifene  has  been  shown 
to  have  a  positive,  or  at  least  neutral  effect  on  hot  flashes. 
Moreover,  even  at  doses  far  exceeding  that  used  in  phase  II 
and  III  clinical  trials,  phase  1  data  has  shown  no  significant 
toxicity. 

Despite  promising  data  in  the  ovariectomized  mouse 
model,  long-term  data  on  the  bone-protective  effect  in 
humans  with  ospemifene  are  lacking.  A  short-term,  3-month, 
phase  II  comparative  study  found  ospemifene  at  doses  30, 
60,  or  90  mg/day  compared  with  raloxifene,  had  similar  to 
slightly  better  effects  on  bone  as  measured  by  markers  of 
bone  resorption,  and  comparable  efficacy  in  lowering  LDL- 
cholesterol  [135].  The  effects  on  bone  varied  across  the 
groups,  potentially  due  to  the  non- osteoporotic  nature  of  the 
study  population  and  to  the  short  period  of  both  treatment 
and  follow-up  [135].  A  second  phase  II  trial  demonstrated 
that  varying  doses  of  ospemifene  administration  for  three 
months  did,  in  a  dose-dependent  manner,  reduce  markers  for 
bone  turnover  compared  with  placebo  [133].  Notably, 
however,  the  long-term  prevention  of  bone  loss  and  the 
prevention  of  osteoporotic  fractures  in  women  treated  with 
ospemifene  are  not  under  study. 

Data  in  vitro  and  in  vivo  suggest  that  ospemifene  may 
have  breast  chemopreventive  activity  in  breast  tissue  in 
much  the  same  way  as  toremifene  or  raloxifene  [127,  128, 
136-138],  but  randomized  clinical  trials  have  not  addressed 
this  issue. 

Lasofoxifene 

Collaborative  effort  of  Pfizer  and  Ligand  Pharma¬ 
ceuticals  to  synthesize  novel  SERMs  with  good  oral 
bioavalability  and  higher  potency  for  treatment  of  vaginal 
atrophy  and  osteoporosis  resulted  in  the  discovery  of 
lasofoxifene.  Lasofoxifene  is  a  naphthalene  derivative,  a 
third  generation  SERM  with  high  selective  affinity  for  both 
the  ERa  and  ER|3  subtypes.  IC50  of  lasofoxifene  is  similar  to 
that  of  estradiol,  and  10  times  higher  than  that  of  raloxifene 
and  4- hydroxy  tamoxifen.  Lasofoxifene  is  able  to  inhibit 
osteoclastogenesis,  reduced  bone  turnover,  and  prevented 
bone  loss  in  preclinical  studies  [139,  140].  Lasofoxifene 
causes  significant  improvement  in  markers  of  bone  turnover 
and  bone  mineral  density  in  preclinical  studies,  as  well  as 
phase  II  and  III  trials  [141-144].  One  particular  phase  II 
study,  which  enrolled  394  healthy  postmenopausal 
women,  lasofoxifene  0.017,  0.05,  0.15,  and  0.5  mg/day  was 
compared  with  supplementation  with  calcium  and  vitamin  D 
[145].  After  six  months  of  therapy,  women  receiving  the  two 
highest  doses  of  lasofoxifene  were  noted  to  have  statistically 
significant  improvement  in  maintenance  or  gain  of  bone 
mineral  density  compared  with  the  calcium  plus  vitamin  D 
arm  (p<0.01),  and  at  one  year  of  treatment  all  groups  of 
lasofoxifene  had  significant  improvement  over  the  calcium 
plus  vitamin  D  cohort.  Across  groups,  85-98%  of  women 
treated  with  lasofoxifene  either  had  no  loss  of,  or  had 
improvement  in  BMD  after  one  year. 


Three  separate  phase  III  studies  have  also  been 
completed.  The  first,  OPAL  (Older  People  And  n-3  Long- 
chain  polyunsaturated  fatty  acids),  was  actually  a  collection 
of  multiple  trials  [146,  147].  In  this  study,  1907 
nonosteoporotic  postmenopausal  women  with  lumbar  spine 
T-scores  from  0  to  -2.5,  all  of  whom  received  calcium  and 
vitamin  D  supplementation,  were  randomized  to  receive 
lasofoxifene  0.025,  0.25,  or  0.5  mg/day  or  placebo  for  2 
years.  At  six,  twelve,  and  twenty-four  months,  lasofoxifene 
at  all  doses  were  shown  to  increase  bone  mineral  density 
compared  with  a  decrease  observed  in  the  placebo  group, 
and  at  six  and  twenty-four  months  decrease  bone  turnover 
was  observed  compared  with  placebo.  The  groups  treated 
with  lasofoxifene  also  underwent  bone  biopsies  which 
showed  normal  quality  bones. 

CORAL,  a  2-year  randomized,  double-blind,  placebo- 
controlled,  and  active  treatment-controlled  study,  enrolled 
410  women  with  lumbar  spine  BMD  between  +2  and  -2.5 
standard  deviations  of  age-matched  controls  (Z- score)  and 
compared  indices  of  bone  health  in  groups  treated  with 
lasofoxifene  at  either  0.25  or  1  mg/day,  raloxifene  60 
mg/day,  or  placebo  [148].  All  groups  received  calcium  and 
vitamin  D  supplementation.  Evaluated  endpoints  included 
percent  change  from  baseline  BMD  in  the  lumbar- spine  at  2 
years  (primary  endpoint),  as  well  as  total  hip  BMD,  LDL- 
cholesterol,  safety,  and  biochemical  markers  of  bone 
turnover  including  N-telopeptide,  deoxypyridinoline 
crosslinks,  bone-specific  alkaline  phosphatase,  and  osteocalcin. 
Lasofoxifene  at  both  doses  was  superior  to  raloxifene 
and  placebo  at  increasing  lumbar  spine  BMD,  though 
lasofoxifene  at  both  doses  and  raloxifene  were  similar  in 
increasing  total  hip  BMD  compared  with  placebo.  Both 
agents  decreased  biochemical  markers  of  bone  turnover 
compared  with  placebo,  though  lasofoxifene  did  so  to  a 
greater  extent.  An  editorial  written  by  Goldstein  considered 
lasofoxifene,  therefore,  superior  to  raloxifene  to  increase 
BMD  and  decrease  markers  of  bone  turnover  [116]. 

PEARL,  a  large,  8556  women,  5 -year,  randomized, 
double  blind,  placebo-controlled,  parallel- assignment  study 
that  evaluated  safety  and  efficacy  of  0.25mg/day  and 
0.5mg/day  of  lasofoxifene  combined  with  1000  mg  calcium 
and  400-800  IU  vitamin  D  daily  [149].  Patients  were  women 
with  osteoporosis  with  lumbar  spine  or  femoral  neck 
BMD  <2.5  SD  or  less  and  the  study  evaluated  efficacy  in 
preventing  new  vertebral  fractures.  Though  initially  due  to 
be  completed  in  March  2006,  the  trial  was  extended  to  early 
2008  in  order  to  include  2  additional  coprimary  endpoints, 
nonvertebral  fracture  and  ER-positive  breast  cancer.  Results 
of  the  study  were  notable  as  the  0.2mg/day  dose  was  found 
to  reduce  only  vertebral  fractures  (p  <  0.001)  but  the  higher 
dose  0.5mg/day  significantly  decreased  both  vertebral  (p  < 
0.001)  and  nonvertebral  fractures  (p  =  0.002).  Importantly, 
the  lasofoxifene  0.5  mg  dose  also  showed  decreased  risk  of 
ER  positive  breast  cancer  [150],  coronary  heart  disease,  and 
stroke,  though  an  increased  risk  for  VTE,  and  long  term  data 
confirms  the  safety  and  efficacy  of  the  agent  [55]. 

Lasofoxifene  has  shown  decrease  in  bone  turnover 
markers,  coronary  heart  disease,  serum  lipids,  and  stroke 
incidence  [55].  Lasofoxifene,  unlike  many  other  SERMs,  has 
been  shown  to  reduce  vaginal  pH  and  decrease  vaginal 
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dryness  [151],  but  over  5  years  it  has  been  shown  to  be 
associated  with  endometrial  hypertrophy,  a  finding  which 
warrants  close  monitoring  [55].  Long-term  efficacy  data 
comparing  lasofoxifene  with  raloxifene  and  hormone- 
replacement  therapy  to  elucidate  whether  lasofoxifene  is 
superior  for  the  prevention  and  treatment  of  postmenopausal 
osteoporosis  and  osteoporosis-related  fractures  is  still 
lacking.  Further  studies  should  also  be  completed  to 
elucidate  whether  it  ought  to  play  a  role  in  menopause 
symptom  control. 

Bazedoxifene 

Bazedoxifene  (BZA,  TSE-424),  an  indole-based  ER 
ligand  which  has  been  carefully  selected  for  its  better  side 
effect  profile  compared  with  its  predecessors,  is  being 
developed  for  use  both  alone  for  the  prevention  and 
treatment  of  osteoporosis  in  postmenopausal  women,  and 
in  combination  with  conjugated  equine  estrogens  for 
menopausal  symptoms  [152-154].  Already  approved  by  the 
European  Union  in  April,  2009,  it  is  in  the  late  phases  of 
review  by  the  US  FDA.  It  binds  to  both  ERa  and  ERp, 
though  with  slightly  higher  affinity  for  ERa,  is  less  selective 
for  ERa  than  raloxifene,  and  in  fact  has  a  nearly  10-fold 
lower  affinity  for  ERa  than  17p~estradiol  [152,  154].  It  is 
tissue-specific,  and  in  both  in  vitro  and  in  vivo  preclinical 
models,  has  been  shown  to  positively  affect  lipid  profiles  and 
skeletal-related  markers  via  antiresorptive  affects,  and 
displays  estrogen  receptor  interaction  without  stimulating  the 
endometrium,  causing  breast  cancer  cell  proliferation,  or 
negatively  affecting  the  central  nervous  system. 

Even  at  low  doses,  bazedoxifene  maintains  bone  mass, 
and  reaches  maximal  significant  efficacy  at  a  dose  of 
0.3mg/kg/day,  and  this  dose  has  been  shown  to  maintain 
vertebral  compressive  strength  better  than  or  equivalent  to 
sham-operated  animals  [152,  154].  Efficacy  on  maintaining 
skeletal  parameters  have  been  shown  to  be  similar  among 
bazedoxifene,  raloxifene,  and  lasofoxifene  [80,  139],  and 
recently,  bazedoxifene  has  been  shown  in  ovariectomized 
monkeys  to  partially  preserve  bone  densimetry-  measured 
bone  mass,  as  well  as  preserve  bone  strength  and  reduce 
bone  turnover  at  a  dose  up  to  25mg/kg/day  for  18  months 
[155].  Further,  in  preclinical  in  vivo  studies,  an  improved 
uterine  profile  for  bazedoxifene  compared  with  raloxifene 
was  noted,  as  well  as  lack  of  adverse  effect  on  plasma  lipids 
or  reproductive  tract  histology  [152].  Bazedoxifene  is  well 
tolerated,  and  both  increases  endothelial  nitric  oxide 
synthase  activity  and  does  not  antagonize  the  effect  of  170- 
estradiol  on  vasomotor  symptoms,  both  of  which  are 
improvements  over  raloxifene  [152-154]. 

When  bazedoxifene  was  coadministered  with  CEEs  such 
as  Premarin®  or  human  parathyroid  hormone  (hPTH), 
preclinical  studies  utilizing  ovariectomized  mice  noted  that 
at  doses  7-  to  10-fold  higher  than  the  bone  efficacious  dose, 
bazedoxifene  antagonized  the  uterine  stimulation  by 
Premarin®  but  did  not  change  the  uterine  weight  compared 
with  ovariectomized  controls  [156].  Further,  BMD  and 
cancellous  bone  compartments  were  similar  between  animals 
treated  with  bazedoxifene  3  mg/kg/day  and  Premarin®  2.5 
mg/kg/day  versus  sham-operated  animals.  When  combined 
with  bone  efficacious  doses  of  CEEs,  bazedoxifene, 
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compared  with  raloxifene  and  lasofoxifene,  showed  no 
difference  in  skeletal  parameters  [157].  Further,  lasofoxifene 
0.1  mg/kg/day  has  been  shown  in  another  study  to  enhance 
reversal  of  osteopenia  when  coadministered  with  hPTH  10 
pg/kg/day  similarly  to  bazedoxifene,  raloxifene,  or  risedronic 
acid  and  greater  than  hPTH  monotherapy  [158]. 

Taken  together,  bazedoxifene  may  then  emerge  as  a 
promising  new  treatment  for  osteoporosis,  either  as 
monotherapy  or  combined  with  conjugate  estrogens,  with  an 
improved  side  effect  profile  given  the  reduced  uterine  and 
vasomotor  effects  over  SERMs  currently  available.  In  fact, 
bazedoxifene  has  been  studied  in  the  prevention  and 
treatment  of  postmenopausal  osteoporosis.  Two  phase  III 
trials  showed  bazedoxifene  at  varying  doses  to  improve 
skeletal  parameters  [159-161].  The  first  found  that  in 
postmenopausal  women  at  risk  for  osteoporosis,  the  drug  (at 
10,  20,  and  40mg)  prevented  bone  loss  and  reduced  bone 
turnover,  with  a  favorable  endometrial,  breast,  and  ovarian 
safety  profile  [159,  160].  The  second  study  recruited 
postmenopausal  women  who  already  had  osteoporosis, 
showed  bazedoxifene  at  20  and  40  mg  significantly  reduced 
the  risk  of  new  vertebral  fractures  compared  with  placebo 
without  any  evidence  of  endometrial  or  breast  stimulation, 
and  in  a  higher  risk  group,  bazedoxifene  20  mg  significantly 
decreased  the  risk  of  nonvertebral  fracture  compared  with 
both  placebo  and  raloxifene  60mg  [160].  In  studies  that 
followed  women  for  five  years,  no  breast  or  endometrial 
stimulation  was  seen  at  either  3  or  5  years  and  generally  the 
medication  was  well  tolerated,  with  rates  of  adverse  events 
and  discontinuations  due  to  adverse  events  similar  to  placebo 
[162].  However,  hot  flushes  and  leg  cramps,  most  of  which 
were  mild  and  did  not  lead  to  cessation  of  the  medication, 
were  noted  more  frequently  at  5  years  in  patients  treated  with 
bazedoxifene  compared  with  placebo  [160]. 

The  major  adverse  effect  of  bazedoxifene  is  venous 
thromboembolism,  the  majority  of  which  occur  in  the  first 
two  years  [163].  The  increased  risk  of  VTE  with 
bazedoxifene  over  five  years  is  similar  to  that  seen  with 
longterm  evaluation  with  raloxifene  [164].  Raloxifene  [81, 
164]  has  a  much  higher  risk  of  VTE  in  the  first  two  years 
than  bazedoxifene.  Additionally,  there  is  a  slightly  increased 
risk  for  fatal  stroke  when  raloxifene  is  compared  with 
placebo  over  5.6  years  of  followup,  though  the  overall  stroke 
risk  is  not  statistically  different  from  placebo  [81].  Similarly, 
the  risk  of  PE  or  RVT,  as  well  as  cardiac  events  is  similar 
among  the  bazedoxifene  and  placebo  groups. 

Multiple  studies  have  demonstrated  favorable  breast  and 
endometrial  safety  profiles  over  5  years  [163].  In  fact,  not 
only  is  the  incidence  of  breast  and  endometrial-related 
adverse  effects  similar  between  placebo  and  bazedoxifene, 
but  there  were  fewer  cases  of  endometrial  carcinoma  in  the 
bazedoxifene  group  compared  with  placebo.  Incidence  of 
breast  cancer  and  fibrocystic  breast  disease  was  not  different 
between  bazedoxifene  [31]  and  placebo  groups  [162,  163], 
though  the  risk  of  breast  cancer  is  decreased  with  tamoxifen 
and  raloxifene  [31]. 

Therefore,  bazedoxifene  has  shown  favorable  effects  on 
bone  parameters  in  postmenopausal  women,  and  has  been 
shown  to  be  relatively  safe  and  well  tolerated.  It  exhibits  no 
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breast  or  endometrial  stimulation  and  the  small  increase  in 
VTE  is  better  in  the  first  two  years,  and  similar  in  the  longer- 
term  to  other  SERMs. 

Arzoxifene 

Arzoxifene  is  a  benzothiophene  analogue  in  which 
the  carbonyl  hinge  of  raloxifene  has  been  replaced  by  an 
ether  (Fig.  3).  Additionally,  there  is  a  protective  methyl  ether 
on  one  of  the  phenolic  hydroxyls.  These  features  lead  to 
increased  antiestrogen  properties,  greater  bioavailability,  and 
increased  binding  affinity  for  the  ERa  compared  with 
raloxifene  [165-177].  Preclinical  data  has  shown  favorable 
estrogenic  effects  on  bone  and  lipid  metabolism,  while 
exerting  antiestrogen  effects  on  breast  and  uterine  tissue 
[174].  In  fact,  preclinical  studies  which  compared  equivalent 
doses  of  arzoxifene,  tamoxifen,  and  raloxifene  showed 
arzoxifene  inhibits  tumor  growth  to  a  greater  extent  than  the 
other  two  agents  [170,  172,  177,  178]. 

Phase  I  data  has  shown  that  in  patients  with  metastatic 
breast  cancer,  arzoxifene  at  varying  dosages  (10,  20,  50  or 
100  mg/day)  was  tolerated  well,  had  no  dose  limiting 
toxicities,  and  was  even  found  to  decrease  osteocalcin,  which 
suggested  a  bone  health  benefit  [179].  The  drug  was  even 
tolerated  well  in  women  with  liver  disease,  and  the  most 
common  side  effect  was  hot  flashes,  reported  in  56%  of 
women  regardless  of  the  dose  taken.  In  a  study  of  patients 
with  advanced  hormone  receptor  positive  endometrial 
cancer,  34%  of  women  treated  with  arzoxifene  20mg  daily 
showed  favorable  response  with  minimal  toxicity  [180]. 
Further,  data  from  healthy  volunteers  showed  doses  as  low 
as  10  mg/day  is  biologically  active,  and  doses  from  25  to  100 
mg  daily  showed  similar  effects  on  bone  markers, 
lipoprotein  levels,  and  gonadotropin  levels  [172]. 

In  ovariectomized  rats,  long-term  treatment  with 
arzoxifene  showed  a  protective  effect  on  cancellous  bone 
mass,  architecture,  and  strength  and  did  not  stimulate 
endometrium  proliferation  [181];  in  young  rats,  it  entirely 
inhibited  uterine  growth  [168].  At  bone  protective  doses  of 
0.1  and  0.5  mg/kg/day,  arzoxifene  also  exerts  a  positive 
effect  on  serum  lipids  [181].  Further,  in  ovariectomized 
mice,  arzoxifene  plus  PTH  increased  bone  mass  at  trabecular 
bone  sites  both  more  quickly  and  to  a  greter  extent  than  PTH 
alone,  PTH  plus  equine  estrogens,  or  PTH  plus  raloxifene 
[182]. 

Recent  data  has  shown  that  in  postmenopausal  women 
with  osteoporosis  and  invasive  breast  cancer,  treatment  with 
arzoxifene  for  4  years  significantly  reduced  the  risk  of 
vertebral  fractures.  Neither  raloxifene,  bazedoxifene,  nor 
arzoxifene  reduced  the  risk  of  nonvertebral  fractures  in  the 
same  study  [160].  Lasofoxifene  0.5  mg/day  did  reduce  the 
risk  of  nonvertebral  fractures,  but  it  reduced  markers  of  bone 
turnover  to  a  similar  amount  as  arzoxifene  in  the  same  study 
[55]. 

A  different  phase  II  study  found  that  during  6  months  of 
arzoxifene,  lumbar  spine  bone  mineral  density  showed  dose 
response  relationships  [183],  though  this  was  not  seen  with 
raloxifene.  Further,  a  phase  III  study  of  postmenopausal 
women  with  osteoporosis  found  improved  bone  turnover 
markers  and  increased  spine  and  hip  bone  density  in  patients 


treated  with  arzoxifene  20  mg/day  [184].  Two  larger  studies, 
FOUNDATION  [185]  and  GENERATIONS  [184]  found 
that  in  women  with  at-risk  or  low  bone  density,  arzoxifene 
20mg/daily  significantly  increased  BMD  and  reduced  bone 
turnover  markers  compared  with  placebo.  Data  taken  from 
the  GENERATIONS  study  note  that  arzoxifene,  however, 
has  no  improved  clinical  efficacy  in  preventing  fractures 
over  raloxifene  as  arzoxifene  has  some  vertebral,  but  not 
nonvertebral  fracture  risk-reduction.  All  antiresorptive 
agents  seem  to  exert  non-vertebal  fracture  risk  reduction,  but 
only  alendronate,  risedronate,  zoledronic  acid,  lasofoxifene, 
and  denosumab  have  demonstrated  some  nonvertebral 
risk-reduction  in  postmenopausal  women  with  osteoporosis 
[55,  186-189].  It  is  hypothesized  that  arzoxifene,  despite 
improved  BMD  and  markers  of  bone  turnover  over 
raloxifene,  may  not  have  enough  antiresorptive  potency  to 
significantly  improve  non- vertebral  fractures  in  patients 
enrolled  in  the  GENERATIONS  trial. 

Along  a  different  vein,  with  the  exception  of 
bazedoxifene,  SERMs  as  a  class  have  been  shown  to  reduce 
the  risk  of  invasive  breast  cancer,  as  arzoxifene,  tamoxifen, 
raloxifene,  and  0.5  mg/day  of  lasofoxifene  have  all  been 
shown  to  reduce  invasive  breast  cancer  risk  [30,  55,  81,  113, 
150,  190]. 

Arzoxifene,  like  raloxifene,  does  not  seem  to  have 
adverse  effects  on  cardiovascular  health  in  postmenopausal 
women  [183,  184].  Additionally,  lasofoxifene  has  even  been 
shown  to  decrease  the  incidence  of  coronary  events  and 
stroke  compared  with  placebo  [55].  However,  tibolone  and 
tamoxifen  increase  the  risk  of  stroke,  and  CEE  with 
medroxyprogesterone  increases  the  risk  of  Coronary  Artery 
Disease  (CAD)  and  stroke  [113,  191,  192].  Perhaps  the 
reason  for  this  difference  in  effect  is  related  to  differences  on 
the  agents’  effect  on  inflammation  as  the  agents  influence  C- 
reactive  protein  (CRP)  differently.  Estrogen  and  tibolone 
increase  levels  of  CRP  [192],  raloxifene  and  arzoxifene  have 
no  effect  on  CRP  levels,  and  lasofoxifene  decreases  CRP 
levels  [55].  All  decrease  LDL  levels.  Major  side  effects  of 
arzoxifene  include  VTE  (a  side  effect  common  among  all 
agents  with  any  estrogen  receptor  agonist  effects),  hot 
flushes,  muscle  cramps,  vaginal  discharge,  vulvovaginitis, 
and  increased  reports  of  endometrial  cancer  and  hyperplasia, 
though  the  last  two  failed  to  reach  statistical  significance 
[185].  Also,  several  SERMs,  including  arzoxifene,  increase 
the  risk  of  cholecystitis  as  estrogen  has  known  lithogenic 
effects  on  bile  [193].  Further,  increased  pulmonary 
complications  including  coughing,  pneumonia,  increased 
reports  of  upper  respiratory  infections,  and  serious  COPD 
related  events  have  been  reported  with  treatment  with 
arzoxifene  [190].  Although  previous  trials  of  SERMs, 
estrogen,  and  tibolone  have  not  reported  increased 
pulmonary  complications,  bronchial  epithelium  and  alveolar 
macrophages  do  express  ER  [194,  195].  Therefore,  inhibition 
of  ER  increases  expression  of  inflammatory  lung  markers, 
including  tumor  necrosis  factor  a  (TNF-a)  [194,  195].  In 
fact,  there  was  a  small  increased  risk  of  lung  metastases,  but 
not  primary  lung  tumors,  with  treatment  with  arzoxifene, 
though  given  the  lack  of  biologic  basis  for  pulmonary 
susceptibility  to  metastases,  this  finding  may  be  due  to 
chance  alone  [190]. 
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Arzoxifene  in  similar  to  other  SERMs  in  that  it  reduces 
the  risk  of  invasive  breast  cancer,  reduces  bone  resorption, 
increase  BMD  modestly,  and  decrease  the  risk  of  vertebral, 
but  not  nonvertebral  fractures  [190].  Yet  it  increases  the  risk 
of  venous  thromboembolic  events  and  adverse  gyenocologic 
events.  Results  from  a  five  year  clinical  study  were  released 
by  Lilly  in  2009  that  arzoxifene  met  its  primary  endpoints  of 
reduction  in  vertebral  fractures  and  breast  cancer  in 
postmenopausal  women  [185].  However,  due  to  lack  of 
successfully  meeting  the  study’s  planned  secondary 
endpoints  including  reduction  in  non- vertebral  fractures  and 
cardiovascular  events  and  improvements  in  cognitive 
function,  Lilly  announced  they  were  discontinuing  develop¬ 
ment  of  the  drug  and  would  not  seek  regulatory  approval. 

Tissue  Selective  Estrogen  Complex  (TSEC) 

Currently,  research  is  advancing  to  establish  the  optimal 
balance  between  ER  agonist  and  antagonist  activity  for  an 
ideal  menopausal  therapy.  An  approach,  termed  the  tissue- 
selective  estrogen  complex,  blends  tissue- selective  activities 
of  a  SERM  with  an  estrogen.  For  example,  bazedoxifene  in 
combination  with  conjugated  equine  estrogens  (CEE)  has 
been  studied  for  the  treatment  of  both  hot  flushes  and  vulvar 
vaginal  atrophy,  with  positive  results  on  both  menopausal 
symptoms  [196,  197]. 

One  study  involving  3397  women  either  1-5  years  post 
menopause  or  >5  years  post  menopause  enrolled  in  the 
Osteoporosis  Prevention  I  and  II  Substudies  aimed  to 
evaluate  the  efficacy  of  the  tissue- selective  estrogen  complex 
bazedoxifene/CEE  to  prevent  osteoporosis  [198].  The  study 
used  bazedoxifene  (10,  20,  or  40  mg)  with  CEEs  (0.625  or 
0.45  mg),  raloxifene  (60  mg),  or  placebo,  and  was 
administered  daily  for  2  years.  The  primary  outcome  was 
change  in  bone  mineral  density  at  the  lumbar  spine,  though 
hip  bone  mineral  density  was  also  measured. 

For  women  1-5  years  postmenopause,  all  bazedoxifene/ 
CEE  treatment  groups  showed  greater  percent  increase  in 
lumbar  spine  BMD  from  baseline  to  2  years  compared  with 
raloxifene  (p  <  0.05).  BMD  significantly  improved  relative  to 
raloxifene  (p  <  0.05)  with  both  lower  doses  of  bazedoxifene/ 
CEE  doses  for  women  >5  years.  In  substudy  I,  mean  percent 
increases  in  total  hip  BMD  were  significantly  higher  from 
baseline  to  month  24  with  bazedoxifene  (10  mg)/CEEs 
(0.625  or  0.45  mg)  and  bazedoxifene  (20  mg)/CEEs  (0.625 
mg)  compared  with  raloxifene.  Further,  total  hip  BMD  was 
significantly  higher  with  all  doses  of  bazedoxifene/CEE 
doses  from  baseline  at  months  12  and  24  compared  with 
decreases  observed  with  placebo  [198]. 

In  substudy  II,  total  hip  BMD  was  higher  in  all 
bazedoxifene/CEE  doses  compared  with  placebo  at  both 
months  12  and  24,  and  for  femoral  neck  BMD,  the  same 
superiority  of  bazedoxifene/CEE  doses  over  placebo  was 
true  except  for  bazedoxifene  (40  mg)/CEEs  (0.45  mg)  at 
month  12  [198].  Additionally,  at  both  time  points,  median 
percent  changes  from  baseline  in  serum  osteocalcin  and  C- 
telopeptide  were  significantly  greater  with  all  bazedoxifene/ 
CEE  doses  than  with  placebo  (p  <0.001).  Total  hip  BMD 
was  significantly  better  (p  <  0.05)  for  bazedoxifene  (10  mg)/ 
CEEs  (0.625  or  0.45  mg)  over  raloxifene,  and  bazedoxifene 
(20  mg)/CEEs  (0.45  mg)  at  month  24  over  raloxifene.  In 
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terms  of  side  effects,  rates  of  serious  side  effects  including 
myocardial  infarction,  venous  thromboembolism,  superficial 
thrombosis  or  phlebitis,  coronary  artery  disease,  and  breast 
pain  were  all  similar  between  azedoxifene/CEEs  groups  and 
placebo  [198].  This  study  highlighted  the  potential  for  a 
SERM/CEE  combination  that  may  provide  the  benefits  of 
hormone  therapy  in  a  symptomatic  postmenopausal  woman 
with  her  uterus  without  the  need  for  a  progestin. 

CONCLUSIONS 

The  original  SERM  idea  [2]  has  now  been  proven  in 
clinical  trial  to  have  benefit  for  women  in  routine  clinical 
practice.  The  past  50  years  has  seen  the  rise  and  fall  of 
hormone  replacement  therapy  (HRT)  [191,  199,  200]  as  the 
answer  to  postmenopausal  women’s  health  (Fig.  5).  In  its 
place,  the  development  of  first  tamoxifen  and  then  the  first 
true  SERM  raloxifene  advanced  the  concept  towards  the 
ideal  SERM  (Fig.  5).  The  agents  currently  in  development  or 
the  process  of  approval  and  launch  each  edge  towards  an 
optimal  multifunctional  medicine  for  postmenopausal 
women’s  health. 

Tamoxifen,  the  pioneering  medicine  that  led  the 
transition  from  “nonsteroidal  antiestrogen”  to  become  the 
first  SERM  in  clinical  practice,  was  the  gold  standard  for  the 
antihormonal  therapy  for  two  decades  [14,  110]  and 
pioneered  chemoprevention  [65,  113].  Nevertheless,  the 
discovery  and  development  of  the  aromatase  inhibitors 
[201],  resulted  in  improvements  in  adjuvant  therapy 
outcomes  and  a  reduction  in  side  effects  for  postmenopausal 
breast  cancer  patients  [202].  Now  tamoxifen  remains  the 
standard  of  care  for  the  premenopausal  patients  and  for  risk 
reduction  in  both  premenopausal  and  postmenopausal 
women.  Raloxifene  is  available  for  risk  reduction  in 
postmenopausal  women  with  or  without  a  uterus  [203,  204], 
but  unlike  tamoxifen  that  is  used  for  5  years,  raloxifene  must 
be  given  indefinitely  [32].  It  should  be  mentioned  that  an 
aromatase  inhibitor  exemestane  has  been  successfully  tested 
to  reduce  breast  cancer  risk  in  postmenopausal  women  [205]. 
However,  unlike  the  promise  of  a  reduction  of  breast  cancer 
incidence  with  SERMs,  exemestane  decreases  bone  density 
[206]. 

The  development  of  novel  SERMs  targeted  to  the  ER  in 
recent  years  has  led  to  significant  progress  in  the 
identification  of  therapeutic  agents  for  the  management  of 
postmenopausal  conditions  related  to  estrogen  deficiency, 
particularly  osteoporosis.  The  possibility  of  designing  a 
single  molecule  that  has  all  of  the  desired  characteristics  of 
an  ideal  SERM  (Fig.  5)  seems  to  be  unlikely,  but  progress 
has  clearly  been  achieved  with  lasofoxifene  [55]  and  the 
TSEC  proposal  is  also  innovative. 

The  benefits  of  tamoxifen  use  outweigh  the  associated 
risks  in  women  who  have  already  been  diagnosed  with  breast 
cancer  [110].  However,  endometrial  safety  concerns 
outweigh  the  bone  protection  offered  by  SERMs  in  the 
development  of  postmenopausal  osteoporosis.  Because 
raloxifene  has  a  good  record  of  endometrial  safety  it  is 
currently  the  only  SERM  approved  for  the  prevention  and 
treatment  of  postmenopausal  osteoporosis,  having 
demonstrated  efficacy  in  preventing  bone  loss  and  fractures, 
with  the  added  benefit  of  preventing  breast  cancer. 
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Clinical  data  on  newer  SERMs  in  development  (Fig.  3) 
indicate  that  these  compounds  may,  or  may  not,  have 
attributes  that  represent  an  improvement  relative  to  currently 
available  SERMs.  Other  SERMs  have  shown  promise  in 
treating  the  symptoms  of  menopause,  such  as  vaginal 
atrophy,  and  are  also  undergoing  investigation  as  possible 
agents  for  the  prevention  of  breast  cancer.  A  common 
adverse  event  associated  with  SERMs  to  date  seems  to  be  an 
increased  incidence  of  hot  flushes  and  warrants  further  study 
to  determine  a  solution.  There  are  several  novel  agents  being 
evaluated  to  address  hot  flashes  [207-210].  Bazedoxifene  has 
been  shown  to  maintain  or  increase  BMD,  reduce  bone 
turnover,  and  decrease  the  risk  of  new  vertebral  fracture  in 
postmenopausal  women  without  evidence  of  endometrial  or 
breast  stimulation  in  large,  prospective  phase  III  studies 
[196-198].  In  the  global  placebo-  and  active-controlled 
osteoporosis  treatment  study,  bazedoxifene  showed  a 
significant  reduction  in  nonvertebral  fracture  risk  in  a 
subgroup  of  more  than  1,700  women  at  higher  risk  for 
fracture  relative  to  both  placebo  and  raloxifene.  The 
TSEC  containing  bazedoxifene/CEEs  had  an  acceptable 
endometrial  profile,  suggesting  an  alternative  to  the  addition 
of  a  progestin  to  estrogens  for  endometrial  protection  [197]. 
The  beneficial  effects  of  bazedoxifene/CEEs  on  menopausal 
symptoms  and  bone  loss  as  well  as  the  bleeding  profile  and 
overall  safety  data  may  indicate  a  suitable  option  for 
symptomatic  postmenopausal  women.  Clarification  of  other 
safety  concerns  (i.e.,  venous  thromboembolic  events)  is 
needed  to  appropriately  determine  the  benefit/risk  balance  of 
SERMs  in  development. 

For  the  future,  basic  research  is  essential  for  further 
progress  in  explointing  this  drug  group.  Basic  knowledge  of 
mechanisms  must  advance  the  original  SERM  concept  [2, 
23].  The  subsets  of  ERa  and  ER|3  specific  agonists  can  be 
used  to  further  define  targets  in  other  pathologic  states  [211- 
214].  Finally,  we  must  embrace  the  molecular  biology  of 
coactivator/corepressor  action  in  the  molecular  pharma¬ 
cology  drug  discovery  process  [101,  211,  213,  214].  Forty 
years  ago  it  would  have  been  impossible  to  achieve  the 
current  clinical  advances  without  laboratory  findings  to 
transform  an  orphan  drug  group  the  “nonsteroidal  anti¬ 
estrogens”  [16]  into  the  SERMs  [2,  23].  This  “road  map” 
proved  to  be  particularly  prophetic  and  significantly 
advanced  women’s  health  in  numerous  disease  states 
throughout  the  world. 
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Tamoxifen  (Tam)  is  a  selective  estrogen  receptor  modulator  (SERM)  that  remains  one  of  the  major  drugs 
used  in  the  hormonotherapy  of  breast  cancer  (BC).  In  addition  to  its  SERM  activity,  we  recently  showed 
that  the  oxidative  metabolism  of  cholesterol  plays  a  role  in  its  anticancer  pharmacology.  We  established 
that  these  effects  were  not  regulated  by  the  ER  but  by  the  microsomal  antiestrogen  binding  site/ 
cholesterol-5, 6-epoxide  hydrolase  complex  (AEBS/ChEH).  The  present  study  aimed  to  identify  the 
oxysterols  that  are  produced  under  Tam  treatment  and  to  define  their  mechanisms  of  action.  Tam  and 
PBPE  (a  selective  AEBS/ChEH  ligand)  stimulated  the  production  and  the  accumulation  of  5,6a-epoxy- 
cholesterol  (5,6a-EC),  5, 6a-epoxy-cholesterol-3  (3-sulfate  (5,6-ECS),  5,6  (3-epoxy-cholesterol  (5,6(3-EC)  in 
MCF-7  cells  through  a  ROS-dependent  mechanism,  by  inhibiting  ChEH  and  inducing  sulfation  of  5,6a-EC 
by  SULT2Blb.  We  showed  that  only  5,6a-EC  was  responsible  for  the  induction  of  triacylglycerol  (TAG) 
biosynthesis  by  Tam  and  PBPE,  through  the  modulation  of  the  oxysterol  receptor  LXR(3.  The  cytotoxicity 
mediated  by  Tam  and  PBPE  was  triggered  by  5,6(3-EC  through  an  LXR(3-independent  route  and  by  5,6-ECS 
through  an  LXR(3-dependent  mechanism.  The  importance  of  SULT2Blb  was  confirmed  by  its  ectopic 
expression  in  the  SULT2Blb(-)  MDA-MB-231  cells,  which  became  sensitive  to  5,6a-EC,  Tam  or  PBPE  at  a 
comparable  level  to  MCF-7  cells.  This  study  established  that  5,6-EC  metabolites  contribute  to  the 
anticancer  pharmacology  of  Tam  and  highlights  a  novel  signaling  pathway  that  points  to  a  rationale  for 
re-sensitizing  BC  cells  to  Tam  and  AEBS/ChEH  ligands. 
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1.  Introduction 

Breast  cancer  (BC)  is  the  most  common  cancer  in  women 
affecting  more  than  1  million  women  world-wide  and  with  about 
400,000  deaths  due  to  this  disease  every  year  [1  ].  Tamoxifen  (Tam) 
is  one  of  the  major  drugs  used  as  an  adjuvant  treatment  to  prevent 
BC  recurrence  and  as  a  therapy  to  extend  the  lives  of  patients  with 
metastatic  disease  [2].  Tam  is  a  selective  estrogen  receptor 
modulator  (SERM)  that  can  compete  with  17  (3-estradiol  (E2)  at 
the  estrogen  receptor  (ER)  on  ER  positive  breast  cancers  and  block 
its  mitogenic  action.  This  mechanism  constitutes  the  rational  for 
its  clinical  use  [3].  It  is  now  emerging  that  Tam  displays  a  complex 
pharmacology  and  may  exert  additional  ER-independent  mecha¬ 
nisms  [4].  Cholesterol  metabolism  is  reportedly  involved  in  breast 
cancer  development  in  mice  [5-7]  and  in  resistance  to  Tam  in 
patients  [8,9].  At  the  molecular  level,  Tam  has  been  shown  to 
modulate  cholesterol  metabolism  through  its  interaction  with  the 
microsomal  antiestrogen  binding  site  (AEBS)  [4].  The  AEBS  binds 
selective  estrogen  modulators  (SERMs)  such  as  Tam,  4-hydro- 
xytamoxifen,  raloxifene  and  clomiphene  [10].  Diphenylmethane 
(DPM)  compounds  such  as  l-(2-(4-benzylphenoxy)ethyl)pyrroli- 
din-HCl  (PBPE)  and  N,N’-diethylamino-4-(phenylmethylphenox- 
y)ethanamine-HCl  (tesmilifene)  have  been  developed  to 
selectively  bind  to  the  AEBS/ChEH  complex  [11-14].  DPM  were 
used  for  the  molecular  characterization  the  AEBS/ChEH  complex 
[15-21  ]  and  the  definition  of  its  functional  role  in  the  pharmacol¬ 
ogy  of  its  cognate  ligands  [12-14,16,22-27].  Despite  a  lack  of  a 
clear  understanding  of  its  mechanism  of  action  at  that  time, 
tesmilifene  was  evaluated  positively  for  the  treatment  of  breast 
and  prostate  cancer  in  phase  II  and  II  clinical  trials  [28-31]. 
However,  a  pivotal  phase  III  clinical  trial  was  aborted  because  of 
the  lack  of  a  therapeutic  outcome  [32].  It  is  clear  that  a  better 
understanding  of  its  mechanism  of  action  would  have  warranted  a 
better  selection  of  patients  and  an  improved  clinical  response  to 
tesmilifene. 

We  established  that  the  AEBS  is  a  hetero-oligomeric  complex 
consisting  of  3(3-hydroxysteroid-A8-A7-isomerase  (D8D7I,  EBP) 
and  3(3-hydroxysteroid-A7-reductase  (DHCR7)  [16]  with  both 
enzymes  being  involved  in  the  post-lanosterol  cholesterol 
biosynthesis  pathway.  In  addition,  we  showed  that  the  AEBS 
carried  out  cholesterol-5, 6-epoxide  hydrolase  (ChEH)  activity 
[15].  ChEH  catalyzes  the  trans- hydration  of  5,6a-epoxy-choles- 
terol  (5,6a-EC)  and  5,6(3-epoxy-cholesterol  (5,6(3-EC)  into 
cholestane-3(3,5a,6(3-triol  (CT)  [33].  We  showed  that  the 
interaction  of  the  AEBS/ChEH  complex  with  its  cognate  ligands 
induced:  (1)  the  intracellular  accumulation  of  free  cholesterol 
precursors  due  to  a  non-competitive  inhibition  of  cholestero- 
genic  enzymes  that  are  involved  in  the  AEBS  [8,16];  (2)  the 
competitive  inhibition  of  ChEH  that  could  lead  to  the  accumu¬ 
lation  of  5,6-EC  [15,33].  We  established  that  free  sterols 
accumulated  in  cells  in  multilamellar  bodies  (MLB)  [23,24] 
and  were  responsible  for  the  induction  of  a  survival  autophagy 
[8,10,23,34,35]. 

We  previously  showed  that  SERMs  and  other  AEBS/ChEH 
ligands  induced  BC  cell  differentiation  and  cytotoxicity  in  a 
concentration-  and  time-dependent  manner  [1 2,23-25].  We  found 
that  these  effects  occurred  independently  of  the  ER  through  the 
modulation  of  the  oxidative  metabolism  of  cholesterol,  and  these 
effects  were  inhibited  by  the  antioxidant  vitamin  E  (Vit  E,  alpha- 
tocopherol)  [10,23,24,34].  We  found  that  the  exposure  of  MCF-7 
cells  to  1-5  pM  Tam  or  10-20  pM  PBPE  for  3  days  led  to  the 
appearance  of  BC  cell  characteristics  of  differentiation  with  no 
cytotoxicity  [24],  while  10  pM  Tam  and  40  pM  PBPE  triggered  cell 
death  [23,24].  Cytotoxicity  required  the  expression  of  new  genes 
and  new  proteins  in  BC  cells  establishing  that  transcription  factors 
were  involved  in  this  process  [23]. 


ROS  include  different  reactive  oxygen  species,  and  some  of 
them  are  known  to  produce  different  oxysterols  [36].  NAD(P)H 
oxidase  (NOX)  is  a  ROS  producing  enzyme  that  induces  the 
production  of  superoxide  anion  (02#_)  which  can  be  transformed 
by  superoxide  dismutase  into  H202  [37].  H202  produces  5,6-ECs  as 
major  cholesterol  oxidation  products  [38  ].  We  reported  earlier  that 
Tam  and  PBPE  stimulated  ROS  production  in  MCF-7  cells  [23]  and 
other  groups  have  reported  that  Tam  induced  ROS  production  in 
different  cell  lines  including  BC  cells  such  as  MCF-7  and  MDA-MB- 
231  cells  [39-42].  Consistent  with  these  data,  it  was  recently 
reported  that  the  induction  of  TAG  by  Tam  in  MCF7  was  inhibited 
by  catalase  [40],  the  enzyme  that  destroys  H202,  suggesting  the 
formation  of  unknown  endogenous  mediator.  We  postulated  that 
the  stimulation  of  ROS  by  Tam  can  induce  the  production  of  5,6- 
ECs.  One  of  the  major  characteristics  of  BC  cell  differentiation 
induced  by  AEBS  ligands  is  the  stimulation  of  triacylglycerol  (TAG) 
biosynthesis  [23,24,40,43].  TAG  biosynthesis  is  known  to  be  under 
control  of  the  oxysterol  receptors  Liver-X-Receptors  (LXR)  [44], 
and  LXR  were  shown  to  be  modulated  by  5, 6a-EC  [45],  suggesting 
that  LXR  could  contribute  to  the  oxysterol-dependent  activity  of 
Tam.  The  impact  of  Tam  and  AEBS/ChEH  ligands  on  5,6-EC 
metabolism  in  BC  cells  remains  to  be  studied.  5,6-EC  are  known  to 
be  present  in  low  amounts  in  mammals  [36]  and  their  presence  in 
BC  cells  has  never  been  studied.  We  designed  the  present  study  to 
identify  the  cholesterol  autoxidation  species  that  are  produced 
under  Tam-  and  AEBS  ligand-treatment  and  to  determine  the 
molecular  pathways  involved  in  the  induction  of  TAG  biosynthe¬ 
sis  by  these  oxysterols  and  Tam  and  PBPE  and  cytotoxicity  in  BC 
cells. 

2.  Materials  and  methods 

2.1.  Chemicals  and  reagents 

Raloxifene,  RU-39411  and  SR-31747A  were  from  Sanofi- 
Aventis.  Triparanol  was  from  Dr  C  Wolf  (University  Paris  06, 
France).  BD-1008  was  kindly  given  by  Pr  W  D  Bowen  (Brown 
University,  RI,  USA).  Bazedoxifene  was  synthesized  as  previously 
described  [46]  as  were  other  compounds  [11,15].  5,6a-EC,  5,6(3- 
EC,  d7-5,6a-EC,  d7-5,6(3-EC,  [14C]-5,6a-EC  and  [14C]-5,6(3-EC  were 
synthesized  as  described  previously  [15,47].  Other  deuterated 
oxysterols  were  from  Avanti  Polar  Lipids  (Alabaster,  AL).  All  other 
chemicals  were  from  Sigma-Aldrich  (St.  Louis,  MO). 

2.2.  Detection  and  quantification  of  5,6-EC 

Cells  were  grown  to  70%  confluence,  and  then  pre-treated  for 
30  min  with  the  appropriate  amount  of  drug  or  solvent  vehicle  in 
the  presence  or  absence  of  500  pM  Vit  E.  After  a  48  h  incubation, 
the  cells  were  washed  and  scraped  in  cold  PBS  and  the  neutral 
lipids  were  extracted  with  chloroform/methanol/8.8%  aqueous  KCl 
(2:1:1  v/v)  as  reported  previously  [48].  108  cells  were  used  for 
analysis.  The  organic  phase  was  evaporated  to  dryness  under  an 
argon  stream  and  the  residues  dissolved  in  50  pi  of  ethanol. 
100  pmol  of  deuterated  oxysterols  as  internal  standards  (IS)  were 
added  under  argon  flux,  the  samples  saponified  with  KOH  1  N  for 
1  h  at  55  °C,  and  oxysterols  extracted  with  chloroform/methanol/ 
8.8%  aqueous  KCl  (2:1:1,  v/v/v).  Oxysterol  purification  was 
accomplished  using  a  100  mg  Sep-Pak  Silica  Vac  RC  Cartridge 
equilibrated  with  hexane.  Samples  were  applied  to  the  silica 
cartridge,  washed  with  hexane  (5  ml),  12%  methylterbutyl  ether 
(MTBE)  in  hexane  (5  ml),  23%  MTBE  in  hexane  (7  ml),  40%  MTBE  in 
acetone  (5  ml)  and  the  oxysterol  fraction  was  eluted  with  5  x  2  ml 
of  MeOH.  Under  these  conditions  of  preparation,  no  5,6-EC  were 
formed  as  artifacts.  We  measured  a  98%  yield  in  5,6-EC  recovery 
using  [14C]-5,6-EC  without  cholesterol  and  vit  E  contaminations. 
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Oxysterols  were  derivatized  using  pyridine-hexamethyldisila- 
zane-trimethylchlorosilane  (3:2:1)  and  analyzed  by  GC/MS. 
Quantification  of  oxysterols  was  carried  out  using  stable  isotope 
dilution  mass  spectrometry.  For  GC-MS  analysis,  samples  were 
redissolved  in  100  pi  methylene  chloride  and  1  pi  was  used  for 
analysis  in  a  trace  gas  chromatographer  (Thermo  Fisher  Scientific, 
Austin,  TX)  coupled  to  a  mass  spectrometer  (Polaris  Q  Thermo 
Fisher  Scientific)  (GC-MS).  Samples  were  separated  on  an  RTX- 
5MS  fused  silica  column  (15  m  x  250  p,m  x  0.25  p,m).  The  oven 
temperature  program  was  as  follows:  180  °C  for  1  min,  20  °C/min 
to  250  °C  and  then  5  °C/ min  to  300  °C  where  the  temperature  was 
kept  for  6  min.  Helium  was  used  as  the  carrier  gas,  with  a  flow  rate 
of  1  ml/min.  The  molecules  were  ionized  by  electron  impact  at 
70  eV.  5,6-EC  were  monitored  with  ions  at  mass/charge  ratio  (m/z) 
472  (7-KC),  479  (d7-KC);  474  (5,6a-EC  and  5,6(3-EC),  481  (d7-5,6a- 
EC  and  d7-5,6(3-EC);  546  (CT),  553  (d7-CT);  456  (27-HC,  25-HC), 
462  (d6-27-HC,  d6-25-HC);  456  (4(3-HC,  7a-HC,  7(3-HC),  463  (d7- 
4(3-HC,  d7-7a-HC,  d7-7(3-HC).  Quantitative  GC/MS  determinations 
were  calculated  from  triplicate  injections  and  from  the  linear 
response  range  of  standard  curves  established  for  oxysterol/IS 
pairs. 

2.3.  Cholesterol  oxidation  analysis 

MCF-7  cells  were  seeded  in  100  mm  plates  at  0.5  x  106,  then 
incubated  with  [14C]-5,6-EC  (final  concentration  0.6  p,M;  20  juuCi/ 
p,mol)  in  the  presence  of  solvent  vehicle  (EtOH  0.1%),  and  5  pM 
Tam  for  72  h.  The  cells  were  scraped  and  pelleted  by  centrifugation 
for  10  min  at  1500  rpm,  and  then  extracted  as  described  above. 
Samples  were  spotted  onto  Fluka  20  x  20  silica  gel  plates 
previously  heated  for  1  h  at  100  °C  and  developed  using  chloro- 
form/acetone/MeOH:2/acetic  acid/H20  (8/4/2/2/1).  The  radioac¬ 
tive  metabolites  were  identified  on  TLC  plates  by  co-migration 
with  authentic  standards  by  autoradiography  using  Kodak  Biomax 
MS  film  (Sigma-Aldrich)  and  quantified  by  liquid  scintillation 
counting  of  the  5,6-EC  and  CT  regions.  The  Rf  for  5,6-EC  and  CT 
were  0.94  and  0.82  respectively. 

2.4.  Measurement  of  ChEH  activity 

Cells  were  seeded  in  6-well  plates  (100,000  cells/well)  in  RPMI 
1 640  medium  with  5%  FCS.  Cells  were  incubated  for  24  h  with  0.6  p,M 
[14C]-5,6a-EC  in  the  presence  of  increasing  concentrations  of  drugs. 
Cells  were  scraped,  resuspended  in  PBS  and  pelleted  by  centrifuga¬ 
tion  1 0  min  at  800  x  g  and  then  extracted  with  200  pi  of  chloroform/ 
methanol  (2:1).  The  organic  layer  was  reduced  to  dryness  under  a  flux 
of  argon,  and  the  residue  was  resuspended  in  30  pi  of  ethanol.  More 
than  95%  of  the  radioactivity  was  recovered  in  the  organic  layers. 
Samples  were  applied  to  TLC  plates  that  had  been  heated  previously 
for  1  h  at  100  °C  and  were  developed  using  ethyl  acetate.  The 
radioactive  metabolites  were  visualized  by  autoradiography  using 
Kodak  Biomax  MS  film  (Sigma-Aldrich)  and  quantified  by  liquid 
scintillation  counting  of  the  5,6-EC  region.  The  concentration  of  a 
compound  required  to  inhibit  ChEH  by  50%  (IC50)  was  calculated 
using  Graphpad  Prism  software,  version  4.0  (GraphPad  Software  Inc., 
San  Diego,  CA).  The  IC50  values  were  calculated  with  data  from 
triplicate  assays  at  each  drug  concentration. 

2.5.  Cell  culture 

MCF-7  and  MDA-MB-231  cells  were  from  the  American  Type 
Culture  Collection  (ATCC)  and  cultured  until  passage  30.  MCF-7 
and  MDA-MB-231  cells  were  grown  in  RPMI  1640  medium 
supplemented  with  5%  fetal  bovine  serum  (FBS),  penicillin  and 
streptomycin  (50  U/ml)  in  a  humidified  atmosphere  with  5%  C02  at 
37  °C. 
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2.6.  Lucif erase  assay 

One  day  after  seeding  in  100-mm  dishes,  MCF-7  or  MDA-MB- 
231  cells  were  transfected  with  the  LXRE-luciferase  construct 
using  polyethyleneimine  (PEI).  For  each  dish,  a  transfection 
solution  with  4.3  p,g  of  PEI  and  5  p,g  of  the  construct  in  2  ml  of 
OptiMEM  was  prepared  and  incubated  with  the  cells.  After  5  h,  the 
medium  was  replaced  by  RPMI  1640  with  5%  FCS.  Cells  were 
incubated  at  37  °C  in  a  humidified  5%  C02  incubator.  One  day  after 
transfection,  cells  were  seeded  in  12-well  plates  (50,000  cells/well) 
in  RPMI  1 640  with  5%  FCS.  After  4  h,  the  cells  were  treated  with  the 
test  compounds  dissolved  in  ethanol.  Before  treatment  with  the 
test  compounds  the  medium  was  replaced  by  phenol  red-free 
medium  without  FCS.  At  the  end  of  the  treatment,  the  cells  were 
lysed  in  100  pi  of  passive  lysis  buffer  (Promega,  Charbonnieres, 
France).  Luciferase  (Luc)  activity  was  measured  using  the  Luc  assay 
reagent  (Promega),  according  to  the  manufacturer’s  instructions. 
Protein  concentrations  were  measured  using  the  Bradford 
technique  to  normalize  the  Luc  activity  data  as  reported  earlier 
[49].  For  each  condition,  the  mean  Luc  activity  was  calculated  from 
the  data  of  three  independent  wells. 

2.7.  Western  blot  analysis 

Immunoblotting  was  carried  out  as  previously  described  [23]. 
Proteins  were  separated  on  10%  SDS-PAGE  gels,  electro-transferred 
onto  PVDF  membranes  and  incubated  overnight  at  4  °C  with  goat 
anti-LXRp  (Y-l  6,  sc-34341 ,  Santa  Cruz)  or  anti-SULT2Bl  b  ( AB82865, 
Abeam)  or  anti-Actin  (C4,  MAB1501,  Millipore).  Visualization  was 
carried  out  using  an  ECL  plus  kit  (Pierce),  and  chemiluminescence 
was  detected  by  autoradiography  (Amersham  Biosciences). 

2.8.  Oil  Red  O  staining  procedures  and  TAG  quantification 

A  stock  solution  was  prepared  as  follows:  0.5  g  of  Oil  Red  O 
(ORO)  (Sigma)  was  dissolved  in  isopropanol.  Before  use,  the 
solution  was  diluted  3:2  with  distilled  water  and  then  filtered 
through  Whatman  paper.  Cells  were  grown  on  glass  coverslips  and 
treated  with  drugs  for  48  h  and  then  fixed  with  3.7%  paraformal¬ 
dehyde  for  1  h  at  room  temperature  followed  by  washing  twice 
with  PBS  (Euromedex).  Cells  were  incubated  with  2  ml  of  60%  (v/v) 
isopropyl  alcohol  in  water  for  5  min.  2  ml  of  ORO  working  solution 
was  added  to  each  well  for  5  min.  Cells  were  rinsed  with  tap  water 
until  the  rinsing  water  was  clear.  Finally,  the  cells  were  counter- 
stained  with  2  ml  hematoxilin  stain  for  1  min.  Quantifications  of 
lipid  accumulation  and  TAG  quantification  were  done  as  exactly  as 
previously  reported  [24]. 

2.9.  Transmission  electron  microscopy 

Cells  were  fixed  with  2%  glutaraldehyde  in  0.1  M  Sorensen’s 
phosphate  buffer  (pH  7.4)  for  1  h  and  washed  with  the  Sorensen’s 
phosphate  buffer  (0.1  M)  for  12  h.  The  cells  were  then  post-fixed 
with  1%  0s04  in  Sorensen’s  phosphate  buffer  (Sorensen’s 
phosphate  0.05  M,  glucose  0.25  M,  0s04  1%)  for  1  h,  washed  twice 
with  distilled  water,  and  pre-stained  with  an  aqueous  solution  of 
2%  uranyl  acetate  for  12  h.  Samples  were  then  treated  exactly  as 
previously  described  [24]. 

2.10.  RNA  isolation  and  qPCR  analysis 

The  detailed  procedures  have  been  published  previously  [50]. 
Total  RNA  was  extracted  from  cultured  cells  using  an  RNA 
Extraction  kit  (Qiagen)  according  to  manufacturer’s  instructions. 
LXRa:  forward  primer  5'-ACACCTACATAGCGTCGCAAG-3',  reverse 
primer  5'-GACGAGCTTCTCGATCATAGCC-3' ;  LXR(3:  forward  primer 
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5'-CTACAGCAAGGACGACTT-3',  reverse  primer  5'-AGATAGTTAGA- 
TAGGCGATAGAG-3';  Sterol  Regulatory  Element  Binding  Protein  lc 
(SREBP-lc):  forward  primer  5'-CAGCCCCACTTCATCAAGG-3',  re¬ 
verse  primer  S'-ACTAGTTAGCCAAGATAGGTTCCG^';  Stearoyl-Co- 
enzyme  A  Desaturase  1  (SCD1):  forward  primer  5'- 

ACCGCTCTTACAAAGCTCGG-3',  reverse  primer  5'-CCACGTCGG- 
GAATTATAGAGGAT-3';  Acetyl-Coenzyme  A  Carboxylase  (ACC): 
forward  primer  S'-GCCCACGGTTATCATAGGACC^',  reverse  primer 
5/-GTCAGGCGAATAGTTAGATTTTCAG-3/;  Sulfotransferase  2B1 
(SULT2B1):  forward  primer  5'-CGGGACGACGACATCTTTAT-3/,  re¬ 
verse  primer  5/-CACCCACAATAGGTCTCACAC-3/;  ATP-Binding  Cas¬ 
sette  Transporter  Al  (ABCA1):  forward  primer  5'- 
ATAGAGGACAACAACTACAAAGCC-3',  reverse  primer  5'-GGGAAA- 
GAGGACTAGACTCCAAA-3';  ATP-Binding  Cassette  Transporter  G1 
(ABCG1):  forward  primer  S'-TTTAGAGGGATTTAGGGTCTAGAAC^', 
reverse  primer  S'-CCCCTTTAATCGTTTTAGTCTAGCT^';  low  density 
lipoprotein  receptor  (LDLR):  forward  primer  5'-GGACCAACGAA- 
TAGCTTAGGACA-3',  reverse  primer  5'-CTAGGCACTTAGTAGC- 
CACCC-3';  Steroid  Sulfatase  (STS):  forward  primer  5'- 
TAGGGATCTCTTTAGACCAATCTAGA-3',  reverse  primer  5'-CAG- 
CAAGGGTAAGGAGGGTAG-3' ;  Cylophilin  A  (CycA):  forward 
primer  5'-GCATACGGGTCCTAGGCATCTTAGTC-3',  reverse  primer 
5/-ATAGGTAGATCTTCTTAGCTAGGTCTTAGC-3/.  First-strand 

cDNA  was  synthesized  with  iScript  Reverse  Transcriptase  (Bio- 
Rad).  25  ng  of  cDNA  were  amplified  using  SyBR  Supermix  (Bio-Rad). 
Quantitative  PCR  analyses  were  performed  on  an  iCycler  (Bio-Rad). 
The  threshold  cycle  (Ct)  values  of  genes  of  interest  were  normalized 
with  the  Ct  values  of  CycA. 

2.11.  Knock-down  o/LXR(3  and  SULT2Blb  by  siRNA 

Gene  expression  of  endogenous  LXR(3  or  SULT2Blb  was 
suppressed  with  a  pool  of  4  siRNAs  for  LXR(3  (siLXR(3,  M- 
003412,  Dharmacon)  or  4  siRNAs  for  SULT2Blb  (siSULT2Blb,  M- 
009488,  Dharmacon)  along  with  a  control  scrambled  sequence 
siRNA  (siSC,  D-001210,  Dharmacon).  MCF-7  cells  were  seeded  in 
100-mm  dishes  in  RPMI  medium  containing  5%  FBS.  After  24  h  of 
seeding,  cells  were  transfected  in  Opti-MEM  with  50  nM  siSC, 
siLXR(3  or  siSULT2Blb  using  DharmaFECTl  (T-2001,  Dharmacon) 
following  the  procedure  recommended  by  the  manufacturer.  After 
transfection,  the  cells  were  grown  in  RPMI  1 640  5%  FCS  at  37  °C  in  a 
humidified  5%  C02  incubator. 

2.12.  Transfection  ofMDA-MB-231  cells  with  SULT2Blb 

One  day  after  seeding  in  100-mm  dishes,  MDA-MB-231  cells 
were  transfected  with  the  construct  pCMV6-XL5-SULT2Blb 
(SULT2Blb)  (SCI  23353,  Origene)  or  the  empty  pCMV6-XL5  (Mock) 
using  polyethyleneimine  (PEI)  as  described  above.  One  day  after 
transfection,  cells  were  seeded  in  12-well  plates  (50,000  cells/ 
well)  in  RPMI  1640  with  5%  FCS  and  grown  at  37  °C  in  a  humidified 
5%  C02  incubator. 

2.13.  Cell  death  assay 

Cells  were  seeded  in  RPMI  1 640  with  5%  FBS  into  6-well  plates  at 
100,000  cells/well.  The  cells  were  then  treated  with  solvent  vehicle 
(0.1%  ethanol),  10  p^M  Tam  or  40  julM  PBPE  for  72  h.  Cell  death  was 
determined  by  the  trypan  blue  exclusion  assay.  The  cells  were 
scraped  and  resuspended  in  the  trypan  blue  solution  (0.25%,  w/v  in 
PBS)  and  counted  in  a  Malassez  cell  under  a  light  microscope. 

2.14.  Chemical  synthesis  of  oxysterol-sulfates 

5, 6a-Epoxy-5a-cholestestan-3  (3-sulfate  (5,6-ECS)  and  choles- 
tane-5a,6(3-diol-3 (3-sulfate  (CTS)  were  synthesized  using  a 


published  method  [51].  The  purity  of  the  synthesized  steroids 
was  determined  by  thin-layer  chromatography,  nuclear  magnetic 
resonance  spectroscopy,  and  mass  spectrometry  and  was  greater 
than  95%. 

2.15.  Biosynthesis  of  oxysterol-sulfates  in  cells 

0.5  x  106  cells  were  incubated  with  [14C]-5,6a-EC  (final 
concentration  0.6  p^M;  20  p.Ci/p.mol)  in  the  presence  of  solvent 
vehicle  (EtOH  0.1%),  5  p,M  Tam  or  10  p,M  PBPE  for  72  h.  The  cells 
were  then  scraped  and  pelleted  by  centrifugation  for  10  min  at 
1500  rpm,  and  then  extracted  under  the  conditions  previously 
described  for  5,6-EC.  Samples  were  spotted  onto  Fluka  20  x  20 
silica  gel  plates  previously  heated  for  1  h  at  100  °C  and  developed 
using  chloroform/acetone/MeOH/acetic  acid/H20  (8/4/2/2/1).  The 
radioactive  metabolites  were  identified  and  quantified  as  de¬ 
scribed  above.  The  Rf  for  5,6-EC,  CT,  5,6-ECS  and  CTS  were  0.94, 
0.82,  0.56  and  0.46  respectively. 

2. 1 6.  Statistical  analysis 

Values  are  the  mean  ±  S.E.  of  three  independent  experiments 
each  carried  out  in  duplicate.  Statistical  analysis  was  carried  out  using 
a  Student’s  t- test  for  unpaired  variables.  *  and  **  in  the  figures  refer  to 
statistical  probabilities  (P)  of  <0.001  and  <0.0001,  respectively, 
compared  with  control  cells  that  received  solvent  vehicle  alone. 


3.  Results 

3.1.  Tam  and  PBPE  stimulate  the  production  and  the  accumulation  of 
5,6a-EC,  and  5,6fi-EC  in  MCF-7  cells 

We  investigated  the  nature  of  sterol  oxidation  products  induced 
by  Tam  and  PBPE  in  MCF-7  cells  using  isotope  dilution  gas 
chromatography-mass  spectrometry  (GC-MS)  to  monitor  the 
different  oxysterol  species.  The  treatment  of  cells  for  3  days  with 
5  |mM  Tam  and  10p>M  PBPE  (a  concentration  required  for  the 
induction  of  BC  cell  differentiation)  drastically  increased  the 
content  of  5,6a-EC  and  5,6(3-EC.  Other  ring  B  oxysterols  such  as  7- 
KC,  7a-HC  and  7(3-HC  (Fig.  1A)  were  detectable  but  did  not 
increase  under  Tam  or  PBPE  treatment.  4(3-HC,  25-HC  and  27-HC 
were  not  detectable  in  MCF-7  cells  at  the  basal  level  and  were  not 
increased  under  Tam  or  PBPE  treatment.  This  increase  in  5,6-EC 
biosynthesis  by  Tam  or  PBPE  was  inhibited  by  the  antioxidant  Vit  E 
establishing  that  5,6-EC  were  produced  through  a  ROS-mediated 
mechanism  induced  by  Tam  and  PBPE  (Fig.  1  A).  5,6a-EC  and  5,6(3- 
EC  are  products  of  epoxidation  on  the  delta  5  double  bond  of 
cholesterol  (Fig.  1A).  Kinetic  analysis  indicated  (Fig.  IB)  that  a  6  h 
treatment  with  Tam  was  sufficient  to  induce  cholesterol  epoxida¬ 
tion.  The  production  of  5,6a-EC  increased  up  to  12  h  and  then 
decreased  after  24  h  suggesting  possible  metabolism  of  5,6a-EC  in 
MCF-7  cells.  The  production  of  5,6(3-EC  increased  up  to  24  h  and 
then  plateaued  at  72  h.  The  absence  of  an  increase  in  CT,  the 
product  of  hydration  of  5,6-EC  by  ChEH,  is  consistent  with  the 
inhibition  of  ChEH  by  Tam  and  PBPE  in  BC  cells  (Fig.  1  A).  Indeed,  we 
previously  reported  that  Tam  and  AEBS  ligands  were  potent 
inhibitors  of  the  rat  liver  microsomal  ChEH  and  that  MCF-7  cells 
expressed  ChEH  [15].  We  next  showed  that  Tam  and  PBPE 
inhibited  ChEH  in  intact  MCF-7  cells  in  a  concentration-dependent 
manner  giving  IC50  of  48.5  ±  7  nM  and  1.23  ±  0.9  p>M  respectively 
(Fig.  1C)  explaining  why  no  increase  in  CT  was  found  in  treated  cells 
despite  the  increase  in  5,6-EC.  These  data  established  that  Tam  and 
PBPE  induced  the  accumulation  of  5,6a-EC  and  5,6|3-EC  in  MCF-7 
cells  through  a  dual  mechanism  involving  a  ROS-mediated  choles¬ 
terol  epoxidation  and  the  inhibition  of  ChEH  (Fig.  ID). 
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Fig.  1.  Analyses  of  the  ROS-dependent  stimulation  of  oxysterol  biosynthesis  by  Tam  and  PBPE  in  MCF-7  cells.  (A)  Quantification  of  oxysterol  in  MCF-7  cells  incubated  for  48  h 
with  10  fxM  Tam  or  40  |xM  PBPE  in  the  absence  or  presence  of  500  |jlM  Vit  E.  9  different  oxysterols  were  quantified  by  gas  chromatography  using  a  dilution  isotope 
methodology  as  described  in  Section  2. 4(3-HC:  4(3-hydroxycholesterol;  5,6a-EC:  5,6a-epoxy-cholesterol;  5,6(3-EC:  5,6(B-epoxy-cholesterol;  CT:  cholestane-3|3,5a,6(3-triol; 
7a-HC:  7a-hydroxycholesterol;  7(3-OH:  7(3-hydroxycholesterol;  7KC:  7-ketocholesterol;  25-HC:  25-hydroxycholesterol;  27-HC:  27-hydroxycholesterol.  The  results  are 
reported  in  ng  of  oxysterol  per  105  cells.  5,6a-EC  and  5,6(3-EC  are  drawn  the  right  part  of  the  figure.  (B)  Kinetic  study  on  the  accumulation  5,6a-EC  and  5,6|3-EC  in  MCF-7  cells 
after  treatment  with  Tam  for  0, 6, 12, 24, 48  and  72  h.  8  x  107  to  108  cells  were  used  per  condition.  (C)  Inhibition  of  cholesterol-5, 6-epoxide  hydrolase  activity  (ChEH)  by  Tam 
and  PBPE  in  MCF-7  cells.  Cells  were  incubated  with  [14C]-5,6-EC  (0.6  p,M;  20  |jiCi/(xmol)  and  were  treated  with  increasing  concentrations  of  Tam  or  PBPE  ranging  from  10  nM 
to  10  |jlM  over  24  h.  The  positions  of  the  5,6-EC  and  CT  were  determined  using  [14C]-5,6-EC  and  [14C]-CT  as  standards.  The  data  presented  are  the  means  ±  S.E.  of  three 
independent  experiments.  (D)  Scheme  summarizing  5,6-EC  formation  and  accumulation  under  Tam  and  PBPE  treatment  in  MCF-7  cells. 


3.2.  5,6a-EC,  Tam  and  PBPE  stimulated  an  LXRfi-dependent  TAG 
biosynthesis  in  MCF-7  cells 

AEBS/ChEH  ligands  were  reported  to  stimulate  TAG  biosyn¬ 
thesis  in  MCF-7  cells,  which  can  be  revealed  by  the 
accumulation  of  ORO  positive  vesicles  [23,24].  TAG  biosynthe¬ 
sis  can  be  controlled  at  the  transcriptional  level  by  nuclear 
receptors  such  as  LXRa  and  LXR(3  [52]  that  are  known  to  be 
modulated  by  5,6a-EC  [45].  Since  Tam  and  PBPE  stimulate  the 
accumulation  of  5,6a-EC,  we  evaluated  whether  5,6-EC,  Tam 
and  PBPE  stimulate  TAG  biosynthesis  in  an  LXR-dependent 
manner.  We  initially  examined  whether  LXR  isoforms  were 
expressed  in  MCF-7  cells  and  found  that  LXR(3  was  predomi¬ 
nant  in  MCF-7  cells  (CtLXRa  =  32.1,  CtLXRp  =  25.1)  and  that  LXRa 
was  not  detectable  at  the  protein  level  (data  not  shown). 


MCF-7  cells  were  transfected  with  a  plasmid  encoding  a 
luciferase  (Luc)  coding  gene  under  the  control  of  a  promoter 
containing  an  LXR- response  element  (LXRE).  Analysis  at  12  h  of 
treatment  showed  that  the  LXR  agonist  T0901317  activated  the 
expression  of  Luc  with  an  EC50  of  0.21  ±  0.06  p,M  and 
established  that  5,6a-EC  stimulated  Luc  activity  in  a  concentra¬ 
tion-dependent  manner  with  an  EC50  of  8.9  ±  0.1  p,M  (Fig.  2B).  In 
contrast,  5,6|3-EC  was  inefficient  at  stimulating  Luc  activity.  Tam 
and  PBPE  stimulated  Luc  activity,  but  as  opposed  to  direct  LXR 
modulators  such  as  T0901317  and  5,6a-EC,  the  stimulation 
required  48  h  of  treatment  (Fig.  2C).  Both  Tam  and  PBPE 
stimulated  Luc  activity  dose-dependently  with  EC50  values  of 
1.5  ±  0.3  |jiM  and  9.9  ±  0.4  jaM  respectively  at  48  h  of  treatment 
(Fig.  2D).  The  stimulation  of  Luc  activity  by  Tam  and  PBPE  was 
completely  blocked  by  vit  E,  whereas  vit  E  did  not  inhibit 
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Fig.  2.  Impact  of  5,6a-EC,  5,6(3-EC,  Tam  and  PBPE  treatment  on  the  LXR-dependent  transcription  in  MCF-7  cells.  (A)  Effect  of  T0901317,  5,6a-EC,  and  5,6(3-EC  on  LXRE-Luc. 
MCF-7  cells  transfected  with  an  LXRE-Luc  plasmid  were  treated  with  increasing  concentrations  of  T0901317,  5,6a-EC,  5,6(3-EC  for  12  h  and  assayed  for  luciferase  activity 
(Luc)  and  expressed  as  relative  luciferase  unit  (RLU)  as  described  in  Section  2.  (B)  Effect  ofT0901317,  Tam,  and  PBPE  on  LXRE-Luc  at  12  h  and  48  h.  Cells  were  incubated  with 
1  |xM  T0901317,  5  jxM  Tam  and  20  jxM  PBPE  and  assayed  for  Luc  activity  at  12  h  and  48  h  after  treatment.  (C)  Dose-response  study  of  Tam  and  PBPE  on  MCF-7  cells 
transfected  with  an  LXRE-Luc  plasmid.  Cells  were  incubated  with  solvent  vehicle  or  increasing  concentrations  (50  nM-50  fxM)  of  each  drug  for  40  h  and  assayed  for  Luc 
activity.  (D)  Effect  of  Vit  E  on  LXRE-luc  activity  stimulated  by  solvent  vehicle  (control),  T0901317,  5,6a-EC,  Tam  and  PBPE  in  MCF-7  cells.  MCF-7  cells  were  treated  for  12  h 
with  1  jxM  T0901317  or  20  p,M  5,6a-EC,  48  h  with  5  jxM  Tam  or  10  jxM  PBPE,  with  or  without  500  |xM  Vit  E,  and  assayed  for  Luc  activity.  Effect  of  actinomycin  D  (Act  D), 
cycloheximide  (CHX),  and  17(3-estradiol  (E2)  on  the  stimulation  of  LXR-dependent  Luc  activity  by  Tam  and  PBPE.  MCF-7  cells  were  incubated  for  40  h  with  5  jxM  Tam  and 
20  |jlM  PBPE  in  the  absence  or  in  the  presence  of  1  jxg/ml  Act  D,  2.5  |xg/ml  CHX  or  100  nM  E2  and  (E)  assayed  for  Luc  activity  and  F)  for  ORO  staining  and  quantification.  (G)  The 
effect  of  LXR  ligands  T0901317  and  5,6a-EC  on  neutral  lipid  accumulation  was  assessed  by  ORO  staining  and  ultrastructure  analyses  were  done  by  electron  microscopy,  (a) 
Staining  of  neutral  lipids  with  ORO  in  MCF-7  cells  treated  with  solvent  vehicle,  1  |xM  T0901317,  or  20  jxM  5,6a-EC  for  24  h.  Cells  were  stained  with  ORO  and  counterstained 
with  Meyer’s  hematoxylin  as  described  in  Section  2.  Electron  micrographs  of  MCF-7  cells  treated  with:  (b)  1  |xM  T0901317,  (c)  20  |jiM  5,6a-EC  for  24  h.  Unilamellar  vesicles 
(UV)  were  found  in  the  cytoplasm  of  treated  cells.  N,  nucleus;  C,  cytoplasm.  Bars,  6.6  jxm.  (F)  Effect  of  T0901317,  5,6a-EC,  Tam  and  PBPE  on  the  LXR|3-dependent  stimulation 
of  Luc  activity  in  MCF-7  cells.  MCF-7  cells  were  transfected  with  siRNA  scrambled  (siSC)  or  siRNA  targeting  LXR(3  (siLXR(3).  LXR(3  expression  was  verified  by  Western  blot 


Please  cite  this  article  in  press  as:  Segala  G,  et  al.  5,6-Epoxy-cholesterols  contribute  to  the  anticancer  pharmacology  of  Tamoxifen  in 
breast  cancer  cells.  Biochem  Pharmacol  (2013),  http://dx.doi.Org/10.1016/j.bcp.2013.02.031 


G  Model 

BCP-11572;  No.  of  Pages  15 


ARTICLE  IN  PRESS 


G.  Segala  et  al.  / Biochemical  Pharmacology  xxx  (2013)  xxx-xxx 


the  stimulation  of  Luc  by  the  direct  LXR  modulators  T0901317 
and  5,6a-EC  (Fig.  2E).  We  found  that  actinomycin  D  (Act  D)  and 
cycloheximide  (CHX)  inhibited  the  stimulation  of  LXR-dependent 
Luc  activity  (Fig.  2E)  and  the  stimulation  of  ORO  positive  vesicles 
by  Tam  and  PBPE  in  MCF-7  cells  (Fig.  2F),  while  co-treatment  with 
E2  did  not  interfere  with  drug  effects  (Fig.  2E-F).  This  indicates 
that  transcription  and  translation  were  required  for  induction  of 
TAG  biosynthesis  by  Tam  and  PBPE  (Fig.  2A)  while  the  ER  was 
not  involved.  These  data  support  the  implication  of  5,6a-EC  as 
the  endogenous  mediator  of  the  stimulation  of  Luc  by  Tam  and 
PBPE.  T0901317  and  5,6a-EC  induced  the  accumulation  of 
neutral  lipid  in  MCF-7  cells  as  judged  by  the  appearance  of 
cytoplasmic  ORO-positive  vesicles  (Fig.  2G(a))  as  previously 
observed  with  MCF-7  cells  treated  with  Tam  or  PBPE  [24]. 
Ultrastructure  analysis  of  MCF-7  cells  by  electron  microscopy 
showed  the  accumulation  of  unilamellar  vesicles  (UV)  in  cells 
treated  with  T0901317  (Fig.  2G(b))  or  5,6a-EC  (Fig.  2G(c))  which 
reflect  the  accumulation  of  neutral  lipids  such  as  TAG  [24].  We  next 
performed  the  knock-down  of  LXR(3  in  MCF-7  cells  using  an  siRNA 
approach  to  define  the  implication  of  this  receptor  in  the  LXR- 
dependent  stimulation  of  Luc  activity  by  5,6-EC  and  drugs.  Knock¬ 
down  of  LXR|3  was  confirmed  by  Western  blotting  (Fig.  2H,  insert) 
and  drastically  decreased  the  stimulation  of  Luc  activity  by 
T0901317,  5,6a-EC,  Tam  and  PBPE  (Fig.  2H).  ORO  staining  of  MCF- 
7  cells  transfected  with  the  scrambled  control  siRNA  (siSC)  showed 
that  treatment  with  Tam  or  PBPE  induced  the  accumulation  of  ORO- 
positive  vesicles,  while  in  cells  transfected  with  siRNA  against  LXR(3, 
Tam  and  PBPE  did  not  stimulate  the  accumulation  of  ORO-positive 
vesicles  (Fig.  3A).  Lipid  analysis  showed  that  knock-down  of  LXRp 
completely  inhibited  the  production  of  TAG  induced  by  T0901317, 
5,6a-EC,  Tam  and  PBPE  (Fig.  3B).  We  next  used  qPCR  to  investigate  if 
Tam  and  PBPE  modulated  LXR-responsive  genes  and  found  that  Tam 
and  PBPE  slightly  repressed  the  expression  of  ABCA1,  SREBP-lc  and 
stimulated  the  expression  of  SCD1,  ACC,  ABCG1  and  LDLR  (Fig.  3C) 
showing  a  modulatory  activity  rather  than  an  agonist  activity  as 
reported  by  Berrodin  et  al.  in  other  cell  lines  [45].  This  modulation  of 
gene  expression  was  abrogated  in  the  presence  of  vit  E  consistent 
with  what  was  seen  for  ORO  positive  accumulation  and  TAG 
biosynthesis  [23,24]  and  for  LXRp-dependent  Luc  activity  (Fig.  2E). 
We  next  studied  the  expression  by  qPCR  of  LXR-responsive  genes  in 
MCF-7  cells  treated  with  the  LXR  modulator  T0901 31 7  and  5,6a-EC 
or  the  inducors  of  5,6-EC  accumulation,  Tam  and  PBPE.  We  found  that 
T0901 317  stimulated  the  expression  of  ABCA1 ,  SREBP-1  c,  SCD1 ,  ACC, 
ABCG1,  and  repressed  the  expression  of  LDLR  (Fig.  3D).  6  h  of 
treatment  of  MCF-7  cells  with  5,6a-EC  induced  a  repression  of  the 
expression  of  ABCA1 ,  SREBP-1  c,  had  little  impact  on  ACC  expression 
and  stimulated  the  expression  of  SCD1  and  LDLR  (Fig.  3D),  consistent 
with  the  peculiar  modulatory  activity  of  LXR-dependent  transcrip¬ 
tion  reported  with  5,6a-EC  [45].  Knock  down  of  LXRp  abrogated 
these  effects  showing  that  these  transcriptional  modulations  were 
LXRp-dependent  (Fig.  3D).  Tam  and  PBPE  slightly  repressed  the 
expression  of  ABCA1,  SREBP-lc  and  stimulated  the  expression  of 
SCD1,  ACC,  ABCG1  and  LDLR  (Fig.  3D)  similarly  to  what  we  found 
with  5,6a-EC  in  an  LXRp-dependent  manner.  Altogether,  these  data 
demonstrate  the  role  of  LXRp  in  the  induction  of  TAG  biosynthesis  by 
T0901317,  5,6a-EC,  Tam  and  PBPE  in  MCF-7  cells.  The  induction  of 
TAG  biosynthesis  by  Tam  and  PBPE  required  a  longer  treatment 
(48  h)  than  5,6a-EC  (24  h),  and  the  production  of  ROS  which  are 
involved  in  5,6-EC  production,  strongly  suggesting  that  5,6a-EC  was 
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the  endogenous  mediator  in  Tam  and  PBPE  stimulation  of  TAG 
biosynthesis. 

3.3.  5,6a-EC  is  sulfated  by  SUL2BIb  in  MCF-7  cells  treated  with  Tam 
and  PBPE 

MCF-7  cells  have  been  reported  to  over-express  the  sterol 
sulfotransferase  (SULT2Blb),  and  5,6a-EC  was  shown  to  be  the 
preferred  substrate  of  this  enzyme  [53]  to  form  5,6a-epoxy-5a- 
cholestestan-3p-sulfate  (5,6-ECS)  that  can  be  produced  in  MCF-7 
cells  treated  with  Tam  or  PBPE.  Since  our  data  suggested  a  possible 
metabolism  of  5,6a-EC  (Fig.  IB),  we  studied  5,6a-EC  metabolism 
in  MCF-7  cells  and  observed  that  5,6a-EC  was  metabolized  into 

5,6-ECS  when  ChEH  was  inhibited  by  Tam  or  PBPE  (Fig.  4A).  The 
knock-down  of  SULT2Blb  expression  and  activity  (Fig.  4B) 
confirmed  the  inhibition  of  5,6-ECS  biosynthesis  thus  establishing 
the  implication  of  SULT2Blb  in  5,6-ECS  formation  in  MCF-7  cells. 
We  next  evaluated  the  impact  of  5,6-ECS  on  LXR-responsive  genes 
in  MCF-7  cells  (Fig.  4C)  and  found  that  5,6-ECS  gave  a  similar 
profile  as  5,6a-EC  (Fig.  3D).  However,  the  knock-down  of 
SULT2Blb  did  not  inhibit  the  stimulation  of  TAG  biosynthesis  by 
5,6a-EC,  Tam  and  PBPE  (Fig.  4C)  showing  that  the  production  of 

5,6-ECS  was  not  necessary  for  the  induction  of  TAG  biosynthesis  by 
5,6a-EC,  Tam  or  PBPE.  These  data  established  that  the  inhibition  of 
ChEH  by  Tam  and  PBPE  induced  the  accumulation  of  5,6a-EC  that 
is  metabolized  into  5,6-ECS  by  SULT2Blb  (Fig.  4E). 

3.4.  Importance  of  LXR (3  and  SULT2BIb  in  the  cytotoxicity  induced  by 
Tam,  PBPE,  5,6a-EC,  5,6$-EC  and  5,6-ECS  in  MCF-7  cells 

We  next  compared  the  cytotoxicity  of  Tam,  PBPE  and  5,6-EC 
metabolites  in  MCF-7  cells  in  which  LXR(3  (MCF7/siLXR(3)  or 
SULT2B1  b  (MCF7/siSULT)  were  knocked  down  by  transfection  with 
small  interfering  RNA  (siRNA)  and  compared  to  MCF-7  transfected 
with  control  scrambled  siRNA  (MCF7/siSC).  Tam,  PBPE,  5,6a-EC, 

5,6-ECS  and  5,6(3-EC  induced  cytotoxicity  in  MCF-7  with  EC50  of 

2.5.  10.9,  22.4,  10.4  and  12.6  pM  respectively  (Table  1).  MCF7/ 
siLXRp  showed  a  2.2-  and  1.7-fold  decrease  in  sensitivity  to  Tam 
and  PBPE  compared  to  the  control  MCF7/siSC  demonstrating  that 
LXRp  was  involved  in  their  cytotoxicity  (Table  1).  The  loss  of 
sensitivity  to  5,6a-EC  and  5,6-ECS  in  MCF7/siLXRp  indicated  that 
LXRp  mediated  their  cytotoxicity.  We  observed  a  2.3-  and  1.8-fold 
diminution  of  sensitivity  to  Tam  and  PBPE  respectively  in  MCF7/ 
siSULT  compared  to  MCF7/siSC  showing  that  the  presence  of 
SULT2Blb  contributed  to  the  cytotoxicity  of  the  drugs  (Table  1). 
Interestingly,  the  contribution  of  SULTBlb  was  equivalent  to  that 
of  LXRp  in  the  cytotoxicity  induced  by  Tam  and  PBPE  suggesting 
that  the  sulfation  of  5,6a-EC  into  5,6-ECS  was  required  for 
cytotoxicity.  This  was  confirmed  by  the  observation  that  MCF7/ 
siSULT  cells  that  did  not  produce  5,6-ECS  (Fig.  4B)  lost  their 
sensitivity  to  5,6a-EC  (EC50  >  40  pM)  (Table  1).  No  change  in  the 
sensitivity  to  5,6p-EC  was  measured  in  MCF7/siLXRp  and  MCF7 / 
siSULT  compared  to  MCF7/siSC  demonstrating  that  the  cytotoxici¬ 
ty  of  5,6p-EC  was  independent  of  LXRp  and  SULT2Blb  (Table  1). 
We  had  previously  shown  that  Tam  and  PBPE  activity  was 
diminished  by  the  over-expression  of  the  anti-apoptotic  protein 
Bcl2  in  MCF-7  cells  (MCF7/Bcl2)  [23].  Measurement  of  their  EC50  on 
MCF7/Bcl2  showed  a  4.9-  and  3.2-fold  decreased  sensitivity  to  Tam 
and  PBPE  respectively  compared  to  control  cells  (MCF-7/Neo) 


using  anti-LXRp  antibodies.  24  h  after  cell  transfection  with  siRNA,  cells  were  transfected  with  the  LXRE-luc  plasmid.  Cells  were  treated  with  solvent  vehicle,  12  h  with  1  fxM 
T0901 317, 12  h  with  20  p,M  5,6a-EC,  48  h  with  5  fxM  Tam  or  20  |jlM  PBPE  and  assayed  for  Luc  activity.  H)  Effect  of  T0901317,  5,6a-EC,  Tam  and  PBPE  on  the  LXR(3-dependent 
stimulation  of  TAG  biosynthesis  in  MCF-7  cells.  MCF-7  cells  transfected  with  siSC  or  siLXR(3  were  treated  with  solvent  vehicle,  12  h  with  1  jxM  T0901317, 12  h  with  20  p,M 
5,6a-EC,  48  h  with  5  |xM  Tam  or  20  |jiM  PBPE.  TAG  quantification  was  done  as  described  in  Section  2.  In  all  experiments  the  values  are  the  mean  ±  S.E.  of  three  independent 
experiments  performed  in  triplicate.  *P<  0.001. 
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Fig.  3.  Importance  of  LXR(3  in  the  stimulation  by  Tam  and  PBPE  of  TAG  biosynthesis  in  MCF-7  cells.  (A)  MCF-7  cells  were  transfected  with  siRNA  scrambled  (siSC)  or  siRNA 
targeting  LXR|3  (siLXR(3)  and  incubated  48  h  with  5  jxM  Tam  or  10  fxM  PBPE.  Cells  were  stained  for  neutral  lipids  with  ORO  and  countersained  with  Meyer’s  hematoxylin  as 
described  in  Section  2.  (B)  MCF-7  cells  transfected  with  siSC  or  siLXRp  were  incubated  24  h  with  1  jxM  T0901317, 20  fxM  5,6a-EC  or  incubated  48  h  with  5  jxM  Tam  or  10  jjlM 
PBPE.  TAG  quantification  was  done  as  described  in  Section  2.  (C)  Importance  of  oxidation  in  the  regulation  of  the  expression  of  LXR- responsive  genes  by  Tam  and  PBPE.  MCF-7 
cells  were  treated  40  h  with  5  fxM  Tam  or  10  p,M  PBPE  in  the  presence  or  absence  of  500  |jlM  vit  E.  Expression  of  the  LXR  target  was  measured  by  quantitative  RT-PCR  as 
described  in  Section  2.  (D)  Importance  of  LXR|3  in  the  regulation  of  the  expression  of  LXR-responsive  genes  by  T01901317,  5,6a-EC,  Tam  and  PBPE.  MCF-7  cells  transfected 
with  siSC  or  siLXR(3  were  incubated  6  h  with  1  p,M  T0901317, 20  p,M  5,6a-EC  or  incubated  40  h  with  5  jxM  Tam  or  10  p,M  PBPE.  The  expression  of  LXR-responsive  genes  was 
measured  by  quantitative  RT-PCR  as  described  in  Section  2.  Values  are  means  of  three  independent  experiments. 


(Table  1 ).  There  were  no  changes  in  sensitivity  to  5,6a-EC  and  5,6-ECS 
in  MCF7/Bcl2  cells,  establishing  that  the  Bcl2-controlled  cytotoxicity 
of  Tam  and  PBPE  did  not  involve  the  production  of  5,6a-EC  and 
5,6-ECS  (Table  1).  MCF7/Bcl2  cells  showed  decreased  sensitivity  to 


5,6(3-EC  ( EC50  >  40  pM)  establishing  that  5,6(3-EC  was  responsible 
for  the  Bcl2-controlled  cytotoxicity  of  Tam  and  PBPE  (Table  1). 

Altogether,  these  data  established  that,  in  MCF-7  cells,  the 
cytotoxicity  of  Tam  and  PBPE  can  be  decomposed  into  two 
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Fig.  4.  Effect  of  Tam  and  PBPE  on  5,6-EC  sulfation  in  MCF-7  cells,  the  impact  of  5,6-ECS  on  LXR(3-dependent  TAG  biosynthesis,  and  the  importance  of  SULT2B1  b.  (A)  MCF-7  cells 
were  incubated  with  [14C]-5,6-EC  (0.6  pM;  20  pCi/pmol)  in  the  presence  of  solvent  vehicle  (EtOH  0.01%),  5  pM  Tam  or  20  pM  of  PBPE  for  48  h.  The  lipids  were  extracted  and 
separated  by  silica  TLC  plates  as  described  in  Section  2.  The  TLC  plates  were  developed  by  autoradiography  and  the  positions  of  5,6a-EC  metabolites  were  determined  using 
authentic  standards.  A  representative  autoradiogram  of  the  TLC  from  three  independent  experiments  is  shown.  The  chemical  structure  of  5,6-ECS  is  given.  (B)  Impact  of  the 
knock-down  of  SULT2Blb  on  SULT2Blb  protein  expression  and  5,6-ECS  biosynthesis  in  MCF-7  cells.  MCF-7  cells  were  transfected  with  siSC  or  siSULT2Blb.  SULT2Blb 
expression  was  verified  by  Western  blot  using  an  anti-SULT2Blb  antibody.  24  h  after  transfection,  the  cells  were  incubated  with  [14C]-5,6-EC  (0.6  pM;  20  pCi/pmol)  for  48  h. 
5,6-ECS  biosynthesis  was  quantified  as  described  in  Section  2.  Values  are  the  mean  ±  S.E.  of  three  independent  experiments  performed  in  triplicate.  *P  <  0.001.  (C)  Effect  of  5,6- 
ECS  on  the  modulation  of  endogenous  responsive  genes  in  MCF-7  cells.  Cells  were  treated  6  h  in  the  presence  of  20  pM  5,6-ECS.  The  expression  of  LXR-responsive  genes  was 
measured  by  quantitative  RT-PCR  as  described  in  Section  2.  Values  are  means  of  three  independent  experiments.  (D)  Impact  of  the  knock-down  of  SULT2Blb  on  TAG  biosynthesis 
induced  by  5,6a-EC,  Tam  and  PBPE  in  MCF-7  cells.  24  h  after  MCF-7  cells  were  transfected  with  siSC  or  siSULT2Bl  b  they  were  treated  for  24  h  with  20  pM  5,6a-EC  or  48  h  with  5  pM 
Tam  or  20  pM  PBPE  for  TAG  quantification.  Quantifications  were  performed  as  described  in  the  caption  of  Fig.  2.  Values  are  the  mean  ±  S.E.  of  three  independent  experiments 
performed  in  triplicate.  *P  <  0.001.  (E)  Scheme  summarizing  5,6-ECS  formation  under  Tam  and  PBPE  treatment  in  MCF-7  cells. 


mechanisms:  (1)  a  SULT2Blb-  and  LXR|3-dependent  cytotoxicity 
mediated  by  5,6-ECS,  the  sulfated  metabolite  of  5,6a-EC  and  (2)  a 
Bcl2-controlled  cytotoxicity  mediated  by  5,6|3-EC.  These  data 
show  that  5,6-EC  epimers  are  cytotoxic  through  different 
mechanisms  and  account  for  both  the  mechanisms  responsible 
for  the  cytotoxicity  induced  by  Tam  and  PBPE  against  MCF-7  cells. 


3.5.  AEBS/ChEH  ligands  of  different  structural  and  pharmacological 
classes  had  similar  effects  on  MCF-7  cells  as  Tam  and  PBPE 

MCF-7  cells  were  treated  with  other  AEBS/ChEH  ligands 
showing  they  were  potent  inducers  of  5,6-EC  and  5,6-ECS 
accumulation  (Table  1 ).  We  established  that  drugs  that  are  known 
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Fig.  5.  Impact  of  Tam  and  PBPE  on  the  modulation  of  cholesterol  oxidative  metabolism  in  MDA-MB-231  cells  and  of  the  modulation  of  5,6-ECS.  (A)  Expression  of  mRNA 
encoding  LXR  isoforms,  LXR-responsive  genes,  sterol  sulfotransferase  SULT2Blb  and  steroid  sulfatase  (STS)  in  MCF-7  cells  and  MDA-MB-231  cells.  The  expression  of  mRNA 
was  measured  by  qPCR.  (B)  Expression  of  SULT2B1  b  in  MCF-7  and  MDA-MB-231  cells  was  measured  at  the  mRNA  level  by  qPCR  and  at  the  protein  level  by  Western  blotting. 
(C)  The  sulfation  of  5,6a-EC  into  5,6-ECS  was  measured  in  MCF-7  and  MDA-MB-231  cells  by  incubating  cells  with  5,6a-EC  for  48  h.  Quantification  was  done  as  described  in 
Section  2.  (D)  Measurement  of  the  antiproliferative  index.  MDA-MB-231  cells  were  plated  into  6-well  plates  and  treated  48  h  after  plating  with  5  and  10  fxM  Tam  or  10  and 
40  |xM  PBPE  or  the  solvent  vehicule  (0.1%  EtOH)  for  5  days.  The  drugs  and  media  were  changed  every  48  h.  Cells  were  counted  daily.  Cells  were  harvested  by  trypsinization 
and  counted  on  a  Coulter  counter.  Experiments  were  repeated  in  triplicate.  (E)  Tam  and  PBPE  induced  the  production  of  reactive  oxygen  species  in  MDA-MB-231  cells.  MDA- 
MB-231cells  were  treated  for  48  h  with  the  solvent  vehicle  (0.1%  EtOH),  5  p,M  Tam  or  20  p,M  PBPE.  ROS  production  was  determined  by  flow  cytometry  analysis  on  cells 
stained  with  dihydroethidine  probe  (2.5  jxM)  as  described  in  Section  2.  Experiments  were  repeated  at  least  three  times  in  duplicate  with  comparable  results.  (F) 
Quantification  of  oxysterol  in  MDA-MB-23 1  cells  incubated  for  48  h  with  1 0  p,M  Tam  or  40  fxM  PBPE  in  the  absence  or  presence  of  500  fxM  Vit  E.  The  results  are  reported  in  ng 
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Table  1 

Effect  of  AEBS/ChEH  ligands  on  5,6-EC  and  5,6-ECS  biosynthesis,  neutral  lipid 
accumulation,  and  inhibition  of  ChEH  on  MCF-7  cells  after  48  h  treatment  with 
drugs.  5,6-EC  (5,6a-EC  and  5,6|3-EC)  biosynthesis  were  performed  by  studying  the 
metabolism  of  [  14C]-cholesterol  in  MCF-7  cells  treated  for  48  h  with  1 0  jxM  of  drugs 
as  described  in  Section  2.  5,6-ECS  biosynthesis  was  measured  as  described  in  the 
legend  of  Fig.  2.  Stimulation  of  neutral  lipid  accumulation  was  monitored  after 
treatment  of  MCF-7  cells  and  revealed  by  staining  with  Oil  Red  0  (ORO)  and 
visualized  by  light  microscopy.  Cytotoxicity  (Cytx)  was  measure  by  the  trypan  blue 
exclusion  methodology  for  a  72  h  exposure  of  MCF-7  cells  with  lOfxM  (SERMs), 
20p,M  (selective  AEBS/ChEH  ligands  (AEBS/ChEH),  sigma  receptor  ligands  (cr-R) 
and  cholesterol  biosynthesis  inhibitors  (CBI)).  The  inhibition  by  Vit  E  (-)  included 
the  production  5,6-EC,  5,6-ECS,  neutral  lipid  accumulation  and  cytotoxicity.  + 
means  a  stimulation,  -  means  inhibition. 


Compound 

Class 

5,6-EC 

5,6-ECS 

ORO 

Cytx 

Vit  E 

Tam 

SERM 

+ 

+ 

+ 

+ 

- 

40HTam 

+ 

+ 

++ 

+ 

- 

Ralox 

+ 

+ 

+ 

+ 

- 

BZA 

+ 

++ 

+ 

+ 

- 

Clom 

+ 

+ 

+ 

+ 

- 

RU-3941 1 

+ 

+ 

++ 

+ 

- 

PBPE 

AEBS/ChEH  + 

+ 

+ 

+ 

- 

PCPE 

+ 

+ 

+ 

+ 

- 

Tesm 

+ 

+ 

+ 

+ 

- 

MBPE 

+ 

+ 

+ 

+ 

- 

MCPE 

+ 

+ 

+ 

+ 

- 

BD-1008 

Misc 

+ 

+ 

+ 

+ 

_ 

SR-31747A 

+ 

+ 

+ 

+ 

- 

FPT 

+ 

+ 

+ 

+ 

- 

CLP 

+ 

+ 

+ 

+ 

- 

TFP 

+ 

+ 

+ 

+ 

- 

U-18666A 

CBI 

+ 

+ 

+ 

+ 

_ 

AY-9944 

+ 

+ 

+ 

+ 

- 

Triparanol 

+ 

+ 

++ 

+ 

- 

to  inhibit  ChEH  [15,33],  stimulated  the  biosynthesis  of  TAG  and 
were  cytotoxic  to  MCF-7  cells  (Table  1).  SERMs  such  as  raloxifene 
and  clomiphene  compounds  of  the  DPN  family  such  as  tesmilifene, 
cholesterol  biosynthesis  inhibitors  such  as  U-18666A,  triparanol 
and  AY-9944,  sigma  receptor  ligands  BD-1008  and  SR-31747A  and 
tricyclic  antidepressants  such  as  trifluoroperazine,  flupenthixol 
and  chlorpromazine  showed  similar  characteristics  as  Tam 
and  PBPE  on  MCF-7  cells  (Table  1).  Altogether  these  data 
established  that  AEBS/ChEH  ligands  belonging  to  different 
structural  and  pharmacological  classes  induced  the  accumulation 
of  5,6-EC  and  5,6-ECS,  stimulated  the  accumulation  of  neutral  lipid 
and  were  cytotoxic  to  MCF-7  cells.  All  these  effects  were  inhibited 
by  vit  E. 

3.6.  Effect  of  Tam  and  PBPE  on  MDA-MB-231  cells 

To  confirm  the  importance  of  SULT2Blb  in  Tam  and  PBPE 
activity,  we  tested  them  on  MDA-MB-231  cells.  MDA-MB-231  cells 
were  found  to  be  similar  to  MCF-7  cells  in  their  expression  level  of 
LXR(3,  LXRa,  SREBP-lc,  SCD1,  and  LDLR.  They  expressed  a  higher 
amount  of  ABCA1  and  a  weaker  amount  of  ABCG1  compared  to 
MCF-7  cells  (Fig.  5A).  Interestingly,  in  contrast  to  MCF-7  cells, 
MDA-MB-231  did  not  express  SULT2Blb  while  both  cell  lines 
expressed  the  steroid  sulfatase  (STS)  in  equal  amount.  STS  being 
responsible  for  the  de-sulfation  of  steroid-  and  sterol-sulfates  [54]. 


li 

The  absence  of  SULT2Blb  at  the  protein  level  was  confirmed  by 
Western  blotting  while  SULT2Blb  was  detected  in  MCF-7  cells 
(Fig.  5B).  Analyses  of  5,6-EC  sulfation  in  cells  showed  that,  while  in 
the  presence  of  Tam  and  PBPE,  MCF-7  cells  produced  5,6-ECS,  no 
production  of  5,6-ECS  was  found  under  the  same  conditions  of 
treatment  in  MDA-MB-231  cells  (Fig.  5C).  To  study  further  the 
sensitivity  of  MDA-MB-231  to  Tam  and  PBPE,  kinetic  and  dose 
response  studies  were  carried  out.  In  Fig.  5D  it  can  be  seen  that 
drugs  induced  a  concentration-  and  time-dependent  growth 
control  and  cytotoxicity.  Treatment  of  cells  with  Tam  and  PBPE 
induced  the  production  of  ROS  (Fig.  5D)  as  observed  in  MCF-7  cells 
[23].  We  found  that  Tam  and  PBPE  stimulated  the  biosynthesis  of 
5,6-EC  in  MDA-MB-231  cells  (Fig.  5F).  The  antioxidant  Vit  E 
inhibited  the  stimulation  of  5,6-EC  production  by  Tam  and  PBPE 
(Fig.  5F)  strongly  suggesting  that  this  epoxidation  was  ROS- 
dependent.  Tam  and  PBPE  were  found  to  inhibit  ChEH  with  IC50  of 
59.9  ±  8  nM  and  765  ±12  nM  respectively  (Fig.  5G).  To  determine  if 
LXR|3  was  modulated  by  Tam  and  PBPE  in  MDA-MB-231  cells,  cells 
were  transfected  with  the  LXRE-Luc  plasmid.  T0901317,  but  neither 
Tam  nor  PBPE  activated  the  expression  of  Luc  at  1 2  h  (Fig.  5H).  At  48  h 
of  treatment,  Tam  and  PBPE  stimulated  Luc  activity,  as  observed  in 
MCF-7  cells  (Fig.  2B).  We  next  used  qPCR  to  study  the  expression  of 
endogenous  LXR-responsive  genes  in  MDA-MB-231  cells  treated  with 
the  LXR  modulator  T0901 3 17,  5,6a-EC,  Tam  and  PBPE.  We  found  that 
T0901317  stimulated  the  expression  of  ABCA1,  SREBP-lc,  SCD1,  and 
repressed  the  expression  of  LDLR  (Fig.  51).  6  h  of  treatment  of  cells 
with  5,6a-EC  and  40  h  treatment  with  Tam  or  PBPE  induced  a  similar 
effect  of  repression  ABCA1  and  SREBP-lc,  and  stimulation  of  the 
expression  of  SCD1  and  LDLR  (Fig.  51). 

Looking  at  neutral  lipid  metabolism,  we  found  that  Tam  and 
PBPE  induced  the  accumulation  of  ORO  positive  vesicles  in  MDA- 
MB-231  cells  and  knock-down  of  LXR(3  inhibited  this  stimulation 
(Fig.  6A)  establishing  that  this  stimulation  was  LXRp-dependent. 
We  next  showed  that  Tam  and  PBPE  stimulated  the  accumulation 
of  TAG  in  MDA-MB-231  cells  (Fig.  6B)  and  it  was  ROS-  and  LXR(3- 
dependent  (Fig.  6C).  The  LXR  modulators  T0901317  and  5,6a-EC 
stimulated  the  biosynthesis  of  TAG  in  an  LXR-dependent  manner  in 
MDA-MB-231  cells  (Fig.  6C).  The  expression  of  SULT2Blb  did  not 
modify  the  induction  of  TAG  biosynthesis  by  5,6a-EC,  Tam  or  PBPE, 
indicating  that  TAG  biosynthesis  does  not  necessarily  require 
SULT2Blb  and  the  production  of  5,6-ECS  as  observed  in  MCF-7 
cells.  5,6-ECS  was  found  to  be  cytotoxic  to  these  cells  and  improved 
the  cytotoxicity  of  Tam  and  PBPE  (Fig.  6E).  Altogether,  these  data 
established  that  MDA-MB-231  are  SULT2Blb  negative  cells  that 
cannot  produce  5,6-ECS.  We  established  that  Tam  and  PBPE 
induced  similar  events  in  these  cells  as  in  MCF-7  cells  in  terms  of 
ROS,  5,6-EC,  and  the  induction  of  LXR-dependent  TAG  biosynthesis. 
The  addition  of  5,6-ECS  to  cells  strongly  sensitized  MDA-MB-231 
cells  to  Tam  and  PBPE. 

3.7.  Expression  ofSULT2Blb  in  MDA-MB-231  cells  sensitized  them  to 
cytotoxicity  induced  by  Tam  and  PBPE 

MDA-MB-231  cells  were  found  1.9-  and  2.1 -fold  less  sensitive 
than  in  MCF-7  cells  to  Tam  and  PBPE  (Table  2).  These  cells  were 
insensitive  to  5,6a-EC  while  their  sensitivity  to  5,6-ECS  and  5,6(3- 
EC  was  equivalent  to  that  measured  in  MCF-7  cells  (Table  2). 
Interestingly,  the  sensitivity  of  MDA-MB-231  to  Tam  and  PBPE  was 
similar  to  that  of  MCF-7/siLXR(3  and  MCF-7/siSULT  suggesting  an 


of  oxysterol  per  106  cells.  (G)  Inhibition  of  ChEH  activity  by  Tam  and  PBPE  in  MDA-MB-231  cells.  Cells  were  incubated  with  [14C]-5,6-EC  (0.6  jxM;  20  pGi/jxmol)  and  were 
treated  with  increasing  concentrations  of  Tam  or  PBPE  ranging  from  10  nM  to  10  |xM  over  24  h.  The  positions  of  the  5,6-EC  and  CT  were  determined  using  [14C]-5,6-EC  and 
[i4C]_ct  as  standards.  (H)  Effect  of  T0901317,  Tam,  and  PBPE  on  LXRE-Luc  at  12  h  and  48  h.  MDA-MB-231  cells  transfected  with  an  LXRE-Luc  plasmid  were  incubated  with 
1  jxM  T0901317,  5  fxM  Tam  and  20  |xM  PBPE  and  assayed  for  Luc  activity  at  12  h  and  48  h  after  treatment  (Luc),  expressed  as  relative  luciferase  unit  (RLU)  as  described  in 
Section  2.  (I)  Effect  of  T0901317,  5,6a-EC,  Tam  and  PBPE  on  the  expression  of  LXR-responsive  genes  in  MDA-MB-231.  MDA-MB-231  cells  were  incubated  6  h  with  1  fxM 
T0901317,  20  |xM  5,6a-EC  or  incubated  40  h  with  5  jxM  Tam  or  10  |xM  PBPE.  The  expression  of  LXR-responsive  genes  was  measured  by  quantitative  RT-PCRas  described  in 
Section  2.  Values  are  means  of  three  independent  experiments. 
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Fig.  6.  Importance  of  LXR(3  and  ROS  in  the  induction  of  TAG  by  Tam  and  PBPE  in  MDA-MB-231  cells  and  effect  of  5,6-ECS  complementation  on  the  cytotoxicity  induced  by  Tam 
and  PBPE.  (A)  Importance  of  LXR(3  in  the  induction  by  Tam  and  PBPE  of  neutral  lipid  accumulation  in  MDA-MB-231  cells.  Cells  were  transfected  with  siSC  or  siLXR(3  and 
incubated  48  h  with  5  p,M  Tam  or  10  p,M  PBPE.  LXR(3  expression  was  verified  by  Western  blot  using  anti-LXR(3  antibodies.  Cells  were  stained  for  neutral  lipids  with  ORO  and 
counterstained  with  Meyer’s  hematoxylin  as  described  in  Section  2.  (B)  Effect  of  Tam  and  PBPE  on  ROS-  and  LXR(3-dependent  stimulation  of  TAG  biosynthesis  in  MDA-MB- 
231  cells.  MDA-MB-231  cells  were  transfected  or  not  with  siSC  or  siLXR(3  and  24  h  later  treated  for  48  h  with  solvent  vehicle,  5  fxM  Tam  or  20  jxM  PBPE  in  the  presence  or 
absence  of  500  p,M  Vit  E.  TAG  quantification  was  done  as  described  in  Section  2.  (C)  Effect  of  T0901317  and  5,6a-EC  on  the  LXR(3 -dependent  stimulation  of  TAG  biosynthesis 
in  MDA-MB-231  cells.  MDA-MB-231  cells  were  transfected  with  siSC  or  siLXR(3.  TAG  quantification  was  done  as  described  in  Section  2.  (D)  Effect  of  Vit  E  on  the  induction  of 
cytotoxicity  by  Tam  and  PBPE  in  MDA-MB-231  cells.  MDA-MB-231  cells  were  incubated  72  h  in  the  presence  of  10  p,M  Tam  or  40  |jlM  PBPE  in  the  presence  or  absence  of 
500  fxM  Vit  E.  Cell  death  was  quantified  using  the  trypan  blue  exclusion  methodology  as  described  in  Section  2.  (E)  Effect  of  5,6-ECS  on  the  induction  of  cytotoxicity  by  Tam 
and  PBPE  in  MDA-MB-23 1  cells.  Cells  were  treated  72  with  solvent  vehicle,  2.5  jxM  Tam  or  1 0  |jlM  PBPE  in  the  absence  or  presence  of  1 0  |jlM  5,6-ECS.  Cell  death  was  quantified 
using  the  trypan  blue  exclusion  methodology  as  described  in  Section  2.  (F)  Ectopic  expression  of  SULT2Blb  activity  in  MDA-MB-231  cells.  Cells  were  transfected  with  a 
plasmid  encoding  human  SULT2Blb.  Expression  of  SULT2Blb  was  verified  by  Western  blotting  and  the  functionality  of  the  enzymes  was  confirmed  by  transformation  of 
5,6a-EC  into  5,6-ECS  as  described  above.  The  data  presented  here  are  the  means  ±  S.E.  of  four  independent  experiments  in  triplicate.  *P  <  0.001,  **P  <  0.0001. 


absence  of  LXRp-dependent  cytotoxicity  due  to  the  absence 
SULT2Blb  expression  and  the  absence  of  5,6-ECS  formation. 
Knock-down  of  LXR(3  (MDA-MB-23 1/siLXRp)  confirmed  the 
absence  of  LXR(3-depentent  cytotoxicity  of  Tam  and  PBPE  showing 
no  significant  impact  on  the  EC50  of  Tam  and  PBPE  compared  to 
MDA-MB-231  control  cells  (MDA-MB-231/siSC).  Interestingly  a 
loss  of  5,6-ECS  sensitivity  was  found  in  MDA-MB-23 l/siLXR(3 
( ECso  >  40  |mM)  confirming  the  LXR(3-dependent  cytotoxicity  of 
5,6-ECS.  As  expected,  there  was  no  change  in  the  cytotoxicity 
induced  by  5,6(3-EC  in  MDA-MB-23 l/siLXR(3  compared  to  MDA- 
MB-231/siSC  showing  that  5,6(3-EC  induced  a  similar  LXR(3- 
independent  cytotoxicity  in  MDA-MB-231  as  in  MCF-7  cells 
(Table  2).  To  determine  the  importance  of  SULT2Blb  in  Tam,  PBPE 
and  5,6a-EC  cytotoxicity,  MDA-MB-231  cells  were  transfected 
with  a  plasmid  encoding  SULT2Blb  (MDA-MB-23 1/SULT)  which 
led  to  the  expression  of  the  enzyme  at  the  protein  level  (Fig.  6F)  and 
enabled  the  production  of  5,6-ECS  when  the  cells  were  treated 
with  Tam  or  PBPE  (Fig.  6F).  SULT2B1  b  expression  sensitized  cells  by 
1 .9-  and  2.2-fold  to  Tam  and  PBPE  respectively  compared  to  control 
cells  (MDA-MB-231 /MOCK)  and  MDA-MB-23 1/SULT  became 
sensitive  to  5,6a-EC  (Table  2).  Interestingly,  MDA-MB-23 1/SULT 
cells  were  as  sensitive  to  Tam,  PBPE  and  5,6a-EC  as  MCF-7  cells 
(Table  2)  establishing  a  sensitization  of  cells  to  Tam,  PBPE  and 
5,6a-EC.  Altogether,  these  data  showed  that  the  induction  of 
cytotoxicity  by  Tam  and  PBPE  in  MDA-MB-231  is  LXR-independent 


and  is  mediated  by  5,6(3-EC.  Importantly,  the  ectopic  expression  of 
SULT2Blb  in  MDA-MB-231  cells  restored  the  sensitivity  of  cells  to 
Tam  and  PBPE  to  the  same  level  as  MCF-7  cells. 

4.  Discussion 

The  aim  of  the  present  study  was  first  to  identify  the  cholesterol 
autoxidation  species  that  are  produced  under  Tam-  and  AEBS / 
ChEH  ligands-treatment  of  BC  cells  and  to  determine  the  molecular 
pathways  involved  in  the  induction  of  TAG  biosynthesis  and 
cytotoxicity. 

Here  we  report  for  the  first  time  that  Tam  and  other  AEBS 
ligands  induced  the  production  5,6-EC  diastereoisomers,  5,6a-EC 
and  5,6(3-EC  in  a  1  /3  ratio  in  MCF-7  cells.  No  other  oxysterols  from 
the  series  studied  were  found  to  be  stimulated.  The  production  of 
5,6-EC  diastereoisomers  was  totally  blocked  by  Vit  E  establishing 
that  they  were  produced  through  a  ROS  mediated  mechanism. 

Tam  has  been  reported  to  stimulate  NOX  in  MCF-7  and  MDA- 
MB-231  cells  [41]  which  can  induce  H202  production  required  for 
cholesterol  epoxidation.  The  mechanism  involved  in  NOX  activa¬ 
tion  has  not  been  studied  in  BC  cells  but  a  hypothesis  can  be 
formulated.  AEBS/ChEH  ligands  have  been  shown  to  inhibit 
cholesterol  biosynthesis  at  the  AEBS  level  which  led  to  the 
accumulation  of  free  sterol  in  cells  [16],  producing  the  appearance 
of  multilamellar  bodies  [23,24].  The  presence  of  MLB  recapitulates 
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Table  2 

Evaluation  of  the  cytotoxicity  of  Tam,  PBPE,  5,6a-EC,  5,6-ECS  and  5,6(3-EC  on  wild  type  and  genetically  modified  MCF-7  cells  and  MDA-MB-231  cells.  Cells  were  exposed  72  h 
to  drugs  (Tam,  PBPE)  or  oxysterols  (5,6a-EC,  5,6-ECS,  5,6(3-EC)  with  increasing  concentrations  ranging  from  1  to  100  p,M.  Cytotoxicity  was  measure  by  the  trypan  blue 
exclusion  methodology.  EC50  corresponds  to  the  concentration  required  to  kill  50%  of  cells.  MCF-7/siSC,  MCF-7 /siLXRp  and  MCF-7 /siSULT  are  MCF-7  cells  transfected  with  a 
scrambled  small  interfering  RNA  (siRNA),  an  siRNA  against  LXR(3  and  with  an  siRNA  against  SULT2Blb  respectively.  MCF7 /neo  and  MCF-7 /bc/2  are  MCF-7  cells  transfected 
permanently  with  the  pZip-neo  and  pZip-bc/2  vectors  [23].  MDA-MB-231  /siSC  and  MDA-MB-231  lsiLXR/3  are  MDA-MB-231  cells  transfected  with  siSC  or  siLXR(3.  MDA-MB- 
231/MOCK  and  MDA-MB-231 /SULT  are  MDA-MB-231  cells  transfected  with  an  empty  pCMV6-XL5  plasmid  or  a  pCMV6-XL5-SULT2Blb  encoding  the  human  SULT2Blb. 
Results  are  the  mean  of  3  independent  experiments  in  triplicate. 


Tam 

PBPE 

5,6a-EC 

EC50  in  |JiM 

5,6-ECS 

5.6P-EC 

MCF-7 

2.5  ±0.6 

10.9  ±2.1 

22.4±  1.5 

10.4  ±0.6 

12.6  ±0.6 

MCF-7  /siSC 

2.2  ±0.8 

10.2  ±1.8 

21.6±2.2 

11.4  ±  1.4 

12.4±  1.7 

MCF-7  /siLXR/3 

4.8  ±0.8 

17.8  ±1.8 

>40 

>40 

12.5  ±2.5 

MCF-7  IsiSULT 

5.1  ±0.7 

18.1  ±1.7 

>40 

11.1  ±  1.3 

13.5  ±2.6 

MCF-7 /neo 

2.1  ±0.8 

10.1  ±1.7 

22.4±  1.5 

9.1  ±1.3 

11.5  ±3.6 

MCF-7 \bcl2 

10.2  ±  1.1 

32.  ±2.1 

25.6±3.2 

12.  1  ±1.4 

>40 

MDA-MB-231 

4.8  ±1.3 

23.2  ±1.1 

>40 

9.6  ±1.8 

14.2  ±1.1 

MDA-MB-231  /siSC 

4.7  ±1.2 

21. 0±  1.3 

>40 

10.1  ±1.5 

13. 6±  1.6 

MDA-MB-231 /siLXR/3 

4.6  ±1.4 

22.1  ±1.4 

>40 

>40 

13.4±  1.8 

MDA-MB-231  /MOCK 

4.9  ±1.3 

23.5  ±1.4 

>40 

9.4  ±2.1 

13.9  ±1.4 

MDA-MB-231  /SULT 

2.6  ±1.4 

10.6  ±1.3 

24.4  ±2.5 

9.2  ±2.8 

14.1  ±2.5 

Niemann-Pick  C  (NPC)  diseases  characterized  by  the  accumulation 
of  free  sterols  in  cells  [55]  and  which  is  known  to  be  induced  by 
U18666A  [56],  an  AEBS/ChEH  ligand  [15].  NPC1  diseases  are 
associated  with  a  stimulation  of  oxidative  stress  and  with  the 
production  in  the  blood  of  patients  [57]  of  increased  amounts  of 
5,6-EC  and  CT,  produced  by  hydration  by  ChEH  NPC  diseases  are 
associated  with  the  accumulation  of  lipid  rafts  in  cells  [58],  and 
these  lipid  rafts  were  reported  to  control  the  activation  of  NOX  in 
MCF-7  cells  [59]. 

Altogether,  these  data  strongly  suggested  the  implication  of  free 
sterol  accumulation  in  NOX  activation  and  ROS  production  as  a 
result  of  the  treatment  of  BC  cells  by  Tam  and  other  AEBS/ChEH 
ligands.  Therefore,  the  precise  determination  of  the  mechanism 
involved  in  ROS  formation  in  BC  cells  treated  with  Tam  and  PBPE 
deserves  further  investigations. 

We  reported  that  5,6-EC  are  extensively  hydrated  by  ChEH  in 
MCF-7  cells  to  give  CT  [15].  We  have  previously  shown  that  Tam 
and  PBPE  were  potent  inhibitors  of  ChEH  from  rat  liver  microsomes 
and  show  in  the  present  study  that  these  drugs  were  also  potent 
inhibitors  of  the  human  ChEH  present  in  MCF-7  and  MDA-MB-231 
cells.  As  observed  for  ChEH  from  rat  liver  microsomes,  AEBS  ligands 
inhibited  the  human  ChEH  from  BC  cells  at  pharmacologic  and 
therapeutic  concentrations.  The  consequence  of  ChEH  inhibition  is 
the  blockage  of  CT  formation  and  the  accumulation  of  5,6-EC 
diastereoisomers.  CT  has  been  reported  to  be  metabolized  into  a 
tumor  promoter  suggesting  that  blocking  its  production  might  per 
se  constitute  a  protection  against  tumorigenic  processes  [33,38]. 
Since  the  sterol  and  oxysterol  sulfotransferase  SULT2Blb  was 
reported  to  be  over  expressed  in  MCF-7  cells  [60]  and  used  5,6a-EC 
as  preferred  substrate  among  cholesterol  and  several  ring  B 
oxysterol  [53],  we  studied  5,6a-EC  metabolism  in  BC  cells.  As 
expected  we  found  that  under  Tam  and  PBPE  treatment,  5,6a-EC 
was  sulfated  into  5,6-ECS.  We  then  evaluated  whether  the 
accumulation  of  5,6-EC  and  5,6-ECS  was  involved  in  the  ROS 
dependent  induction  of  TAG  biosynthesis  and  the  cytotoxicity 
triggered  by  Tam  and  AEBS/CHEH  ligands  in  BC  cells.  Activation  of 
TAG  biosynthesis  constitutes  one  the  major  markers  of  BC  re¬ 
differentiation  which  is  indicative  of  the  reactivation  of  lactation 
[24,40,43].  TAG  biosynthesis  is  tightly  regulated  and  several 
enzymes  involved  in  its  biosynthesis  have  been  reported  to  be 
under  the  transcriptional  control  of  nuclear  receptors  including 
members  of  the  oxysterol  liver-X-receptors  (LXRa  and  LXR(3)  [61  ]. 
We  established  that  Tam,  AEBS/ChEH  ligands,  and  5,6a-EC  induced 
TAG  biosynthesis  through  an  LXR(3-dependent  mechanism  leading 
to  the  up-regulation  of  lipogenic  enzymes  involved  in  TAG 


biosynthesis  (ACC  and  SCD1).  The  fact  that  the  inhibition  of 
5,6a-EC  biosynthesis  by  Vit  E  and  the  knock-down  of  LXR(3 
blocked  the  biosynthesis  of  TAG  induced  by  AEBS/ChEH  ligands 
established  that  5,6a-EC  is  the  oxysterol  that  mediates  TAG 
biosynthesis  in  BC  cells  stimulated  by  Tam  and  PBPE. 

5,6a-EC  was  reported  to  be  an  LXRa  and  LXR(3  modulator  that 
displays  agonist,  antagonist  and  inverse  agonist  properties  in  a  cell 
type-dependent  manner  [45].  We  found  here  that  5,6a-EC  showed 
a  similar  effect  on  the  regulation  of  LXR-responsive  genes  in  MCF-7 
cells  confirming  the  observations  that  Berrodin  et  al.  made  in  other 
cell  lines  [45].  5,6-ECS  had  a  similar  profile  of  gene  regulation  as 
5,6-EC  on  BC  cells.  This  established  that  if  5,6-ECS  is  a  direct 
regulator  of  LXR,  than  this  compound  is  not  a  full  antagonist  on  LXR 
as  reported  earlier  [51,62],  but  rather  a  modulator  depending  on 
the  target  gene. 

In  this  current  study,  we  demonstrate  that  the  cytotoxicity 
induced  by  Tam  and  AEBS  ligands  implicated  both  5,6a-EC  and 
5,6(3-EC  as  endogenous  mediators  but  through  different  mecha¬ 
nisms.  5,6a-EC  was  cytotoxic  in  an  LXR(3-dependent  manner  after 
being  sulfated  by  SULT2Blb  to  produce  5,6-ECS  in  MCF-7  cells. 
Consistent  with  these  data,  5,6a-EC  was  not  cytotoxic  in  SULT2B1  b 
negative  cells  such  as  MDA-MB-231  cells.  The  cytotoxicity  of  5,6- 
ECS  was  found  to  be  LXR(3-dependent  establishing  that  5,6-ECS 
was  the  oxysterol  that  mediates  the  LXR(3-dependent  cytotoxicity 
induced  by  Tam  and  AEBS/ChEH  ligands  in  MCF-7  cells.  5,6(3-EC 
was  the  most  prominent  oxysterol  produced  in  both  MCF-7  and 
MDA-MB-231  cells.  Its  cytotoxicity  was  not  LXR(3-  and  SULT2Blb- 
dependent.  5,6(3-EC  has  been  reported  to  induce  apoptosis  in 
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Fig.  7.  Proposed  molecular  mechanism  explaining  the  induction  of  TAG 
biosynthesis  and  cytotoxicity  by  Tam  and  PBPE  in  MCF-7  cells. 
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tumor  cells  through  a  mechanism  involving  mitochondria  [63]  but 
the  determination  of  the  precise  mechanism  of  action  of  5,6(3-EC 
deserves  further  studies. 

Several  groups  have  shown  that  Vit  E  blocked  the  cytoxicity  of 
Tam  on  breast  cancer  cell  lines  such  as  MCF-7  cells  and  MDA-MB- 
231  [23,24,64,65]  and  the  mechanism  described  here  gives  a 
rationale  to  explain  these  effects.  Fig.  7  provides  a  scheme 
describing  the  molecular  mechanisms  of  the  action  of  Tam  and 
PBPE  in  the  stimulation  of  TAG  biosynthesis  and  cytotoxicity.  These 
data  indicate  that  the  LXR-dependent  cytotoxicity  of  Tam  and 
AEBS/ChEH  ligands  depends  on  the  presence  of  5,6-EC  and  its 
product  of  sulfation  (5.6-ECS)  by  SULT2Blb.  On  the  other  hand,  we 
showed  for  the  first  time  that  the  expression  of  SULT2Blb  in  the 
triple  negative  and  SULT2Blb  negative  MDA-MB-231  cells, 
sensitizes  the  cells  to  the  cytotoxicity  of  Tam  and  AEBS/ChEH 
ligands  to  the  level  of  MCF-7  cells. 

We  found  that  sulfation  of  5,6a-EC  into  5,6-ECS  by  SULT2Blb 
was  possible  when  5,6a-EC  accumulated  in  cells  when  ChEH  was 
inhibited.  Together  these  data  established  that  5,6-ECS  formation 
contributes  to  the  sensitivity  of  BC  cells  to  Tam  cytotoxicity.  The 
fact  that  the  ectopic  expression  of  SUT2Blb  in  MDA-MB-231  cells 
or  addition  of  5,6-ECS  sensitizes  cells  to  Tam  and  PBPE  strongly 
suggests  that  the  expression  of  SULT2Blb  in  cells  could  be  a 
predictor  of  the  sensitivity  of  BC  cells  to  Tam  and  AEBS/ChEH 
ligands.  Furthermore  the  association  of  SERMs  or  DPM  compounds 
with  5,6-ECS  could  represent  an  alternative  to  treat  SULT2blb 
negative  triple  negative  untreatable  BC.  Further  investigations  will 
be  carried  to  determine  if  these  in  vitro  observations  are 
reproduced  in  vivo  on  BC  cell  xenographs  in  mice. 

The  transcriptional  modulation  of  5,6-ECS  was  found  compara¬ 
ble  to  that  of  5,6a-EC  suggesting  that  other  LXR-responsive  genes 
could  be  differentially  modulated  and  this  could  explain  the  higher 
cytotoxicity  of  5,6-ECS  compared  to  5,6-EC.  This  is  supported  by 
the  observation  that  5,6-ECS  was  found  to  be  an  antagonist  in 
LXRE-Luc  (data  not  shown  and  [51,62])  despite  a  similar 
modulation  of  several  LXR-responsive  genes,  but  further  investi¬ 
gations  are  warranted. 

The  effect  of  other  ChEH/AEBS  selective  inhibitors  was 
observed  with  tesmilifene  on  the  induction  of  BC  cell  differentia¬ 
tion  and  death.  Tesmilifene  was  shown  to  significantly  improve 
the  overall  survival  in  a  phase  III  randomized  trial  for  metastatic 
breast  cancer  when  given  with  doxorubicin  [32].  These  effects 
were  proposed  to  be  due  to  the  killing  of  tumor  initiating  cells 
(TIC)  observed  at  therapeutic  doses  in  four  different  models  of 
breast  cancer  [22].  Since  tesmilifene  is  a  selective  AEBS  ligand  and 
inhibitor  of  ChEH  [8,15],  the  mechanisms  detailed  in  the  present 
study  are  likely  to  be  involved  in  these  effects  giving  a  rationale  for 
its  use. 

Tam  has  been  reported  in  some  clinical  studies  to  induce  a 
reversible  stimulation  of  TAG  production  during  the  time  of 
treatment  and  to  lower  circulating  LDL  cholesterol  [66,67].  The 
liver  is  one  of  the  tissues  richest  in  AEBS/ChEH  [15]  and  a  tissue 
that  produces  5,6a-EC  [36],  thus  it  is  reasonable  to  propose  that 
Tam  could  cause  a  decrease  in  LDL  cholesterol  through  a  previously 
observed  inhibition  of  cholesterol  esterification  [68]  and  a 
stimulation  of  the  expression  of  LDLR  [69]  through  an  LXR- 
dependent  mechanism.  On  the  other  hand  the  hyper-triacylgly- 
cerolemia  can  be  explained  by  the  LXR-dependent  mechanism  we 
report  on  this  paper,  because  LXR(3  is  known  to  control  the 
biosynthesis  of  TAG  [70].  This  is  supported  by  the  observation  that 
Vit  E  blocks  hyper-triacylglycerolemia  in  patients  treated  with 
Tam  [71  ],  which  is  similar  to  what  we  found  in  MCF-7  cells  in  the 
present  study.  Thus,  variations  in  the  control  of  the  LXR  signaling 
pathway  could  explain  the  variations  in  the  severity  of  the  hyper- 
triacylglycerolemia  observed  in  patients  and  again  this  deserves 
further  study. 


This  current  study  established  for  the  first  time  that  5,6-EC 
metabolites  and  LXR(3  play  a  role  in  the  induction  of  cell 
differentiation  and  death  by  Tam,  other  SERMs  and  AEBS/ChEH 
ligands  in  BC  cells.These  mechanisms  now  have  to  be  taken  into 
account  in  the  development  of  new  SERMs  or  other  AEBS/ChEH 
ligands  for  anticancer  applications. 
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The  oncogene  nuclear  receptor  coactivator  amplified  in  breast  cancer  1  (AIB1)  is  a  transcriptional 
coactivator  that  is  overexpressed  in  various  types  of  human  cancers.  However,  the  molecular 
mechanisms  controlling  AIB1  expression  in  the  majority  of  cancers  remain  unclear.  In  this  study, 
we  identified  a  novel  interacting  protein  of  AIB1,  forkhead-box  protein  G1  (FoxGI),  which  is  an 
evolutionarily  conserved  forkhead-box  transcriptional  corepressor.  We  show  that  FoxGI  expres¬ 
sion  is  low  in  breast  cancer  cell  lines,  and  that  low  levels  of  FoxGI  are  correlated  with  a  worse 
prognosis  in  breast  cancer.  We  also  demonstrate  that  transient  overexpression  of  FoxGI  can 
suppress  endogenous  levels  of  AIB1  mRNA  and  protein  in  MCF-7  breast  cancer  cells.  Exogenously 
expressed  FoxGI  in  MCF-7  cells  also  leads  to  apoptosis  that  can  be  rescued  in  part  by  AIB1 
overexpression.  Using  chromatin  immunoprecipitation  (ChIP),  we  determined  that  FoxGI  is  re¬ 
cruited  to  a  region  of  the  AIB1  gene  promoter  previously  characterized  to  be  responsible  for 
AIBI-induced,  positive  auto-regulation  of  transcription  through  the  recruitment  of  an  activating, 
multiprotein  complex,  involving  AIB1,  E2F1  and  Spl.  Increased  FoxGI  expression  significantly 
reduces  the  recruitment  of  AIB1,  E2F1  and  p300  to  this  region  of  the  endogenous  AIB1  gene 
promoter.  Our  data  imply  that  FoxGI  can  function  as  a  pro-apoptotic  factor  in  part  through 
suppression  of  AIB1  coactivator  transcription  complex  formation,  thereby  reducing  the  expression 
oftheAlBI  oncogene. 

Amplified  in  breast  cancer  1  (AIB1,  ACTR,  RAC3, 

SRC3,  NCOA3  and  p/CIP[b])  belongs  to  the  pi 60 
family  of  steroid  receptor  coactivators  and  is  found  to  be 
frequently  amplified  in  multiple  human  cancers  (1).  Sim¬ 
ilar  to  the  other  pi 60  coactivators,  AIB1  can  associate 
with  hormone-bound  nuclear  receptors,  and  potentiate 
transcriptional  activation  by  enhancing  transcriptional 
complex  assembly  and  through  local  chromatin  remodel¬ 
ing  (2-4).  AIB1  is  an  oncogene  and  has  been  strongly 
implicated  in  the  development  of  hormone-responsive 
and  nonresponsive  cancers  (5,  6)  by  coactivating  not  only 
nuclear  receptors  but  also  nonreceptor  transcription  fac¬ 
tors  such  as  E2F1,  nuclear  factor-KB  (NF-kB),  activator 
protein-1  (AP-1),  and  PEA3  (7-10).  In  mouse  models, 

AIB1  overexpression  results  in  the  development  of  mam- 
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mary  hyperplasia  and  tumorigenesis  (11).  The  overex¬ 
pression  of  AIB1  has  been  observed  in  30%-60%  of  hu¬ 
man  breast  tumors  and  a  strong  correlation  exists 
between  high  levels  of  AIB1  and  high  HER2  levels,  larger 
tumor  size,  higher  tumor  grade,  increased  cancer  reoccur¬ 
rence  and  worse  prognosis  (12). 

AIB1  expression  can  be  controlled  at  multiple  levels. 
AIB1  protein  levels  are  regulated  by  a  number  of  protea- 
somal  degradation  pathways  (13-15).  In  terms  of  AIB1 
mRNA,  we  have  previously  reported  that  all -trans  reti¬ 
noic  acid,  antiestrogens  and  tamoxifen,  and  TGF-/3  can 
upregulate  AIB1  transcripts,  whereas  estrogen  can  sup¬ 
press  AIB1  gene  expression  (16).  In  addition,  a  recent 
study  demonstrates  that  transcription  of  the  AIB1  gene  is 
controlled  by  regulatory  sequences  within  the  bp  -250  to 

Abbreviations:  HER2,  Epidermal  growth  factor  receptor  2;  p300,  El  A-binding  protein 
p300;  CBP,  CREB-binding  protein;  TGF-/3,  transforming  growth  factor-beta;  TLE,  tran¬ 
scriptional  corepressor  of  the  groucho/transducin-like  enhancer  of  split;  PR,  progesterone 
receptor;  ANOVA,  analysis  of  variance. 
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+  350  region  of  its  promoter  which  enable  AIB1  to  auto- 
regulate  and  enhance  the  expression  of  its  own  gene  (7, 
17).  In  these  studies,  an  Spl -binding  site  down-stream  of 
exon  1  was  described  within  the  -250/+350  region  that 
also  recruited  E2F1.  This  enables  AIB1  to  complex  with 
E2F1,  and  this  Spl -associated  transcription  complex  sig¬ 
nificantly  increases  the  coactivation  of  the  AIB1  gene 
(17). 

AIB1  is  also  known  to  directly  bind  to  other  coactiva¬ 
tors  such  as  histone  acetyltransferase  p300/CBP,  p300/ 
CBP-associated  cofactor  p/CAF,  and  arginine  methyl- 
transferase  CARM  1,  and  enhances  transcriptional 
activation  by  bringing  these  potent  cofactors  capable  of 
modifying  chromatin  organization  to  the  target  gene  pro¬ 
moter  (3,18,19).  The  ability  to  interact  with  a  wide  range 
of  transcriptional  cofactors  allows  AIB1  to  act  as  a  potent 
coactivator  (12).  In  contrast,  only  a  few  transcriptional 
corepressors  that  interact  with  the  SRC  family  proteins 
are  known  (20,  21).  Therefore,  we  conducted  broad 
screens  of  AIB1 -interacting  proteins  using  mass  spec¬ 
trometry  (MS)  to  detect  low  abundance  AIB1  binding 
partners  that  may  potentially  suppress  AIB1  function  and 
negatively  regulate  the  AIB1  gene  expression  (reviewed  in 
22).  We  focused  on  AIB1 -interacting  proteins  that  segre¬ 
gated  under  the  category  of  “transcriptional  repressors,” 
and  here  we  demonstrate  that  the  winged-helix,  DNA- 
binding  transcriptional  corepressor  FoxGI  (also  known 
as  brain  factor  1,  BF1)  which  we  identified  as  an  AIB1 
interacting  protein,  can  downregulate  AIB1  promoter  ac¬ 
tivity  and  suppress  both  AIB1  transcript  and  protein  ex¬ 
pression  in  MCF-7  cells.  FoxGI  belongs  to  the  forkhead- 
box  family  of  transcriptional  regulators,  and  is  a  protein 
mainly  expressed  in  the  brain  and  testis  in  human  (23, 
24).  FoxGI  controls  the  development  of  the  telencepha¬ 
lon  and  cerebral  corticogenesis  (23)  and  is  shown  to  in¬ 
teract  with  global  transcriptional  corepressors  and  his¬ 
tone  deacetylases  to  potentiate  transcriptional  repression 
(25).  FoxGI  can  also  directly  interact  with  androgen  re¬ 
ceptor  (AR)  and  suppress  AR-mediated  transactivation 
(24).  While  FoxGI  knockout  mice  develop  cerebral  hyp¬ 
oplasia  and  die  at  birth,  humans  with  FoxGI  haploinsuf- 
ficiency  show  severe  mental  retardation  and  microceph¬ 
aly  (23, 26, 27).  The  prominent  developmental  phenotype 
associated  with  FoxGI  pathology  has  focused  most  inves¬ 
tigations  of  FoxGI  function  on  the  brain  and  neurogen¬ 
esis,  therefore  not  much  is  known  about  the  role  of 
FoxGI  in  cancer  and  the  molecular  mechanism  underly¬ 
ing  FoxGI  function. 

Our  data  indicate  that  FoxGI  is  directly  recruited  to 
the  AIB1  promoter.  We  report  a  mechanism  by  which 
FoxGI  overexpression  compromises  the  integrity  of  an 
Sp-1 -associated  activating  transcriptional  complex.  This 


complex  is  required  for  the  upregulation  of  AIB1  gene 
expression,  and  FoxGI  reduces  its  recruitment  by  disas¬ 
sembly  and  detachment  of  the  activating  complex  from 
the  AIB1  promoter.  We  also  show  that  FoxGI  downregu- 
lates  AIB1  expression  which  leads  to  apoptosis  in  human 
breast  cancer  cells. 


Results 

AIB1  interacts  with  the  transcriptional  corepressor 
FoxGI 

To  identify  proteins  that  interact  with  AIB1,  we  per¬ 
formed  AIB1 -specific  immunoprecipitations  (IP)  of  ly¬ 
sates  from  HEK293T  cells  transfected  with  a  FFAG- 
tagged  AIB1  construct.  After  IP  with  a  FFAG  antibody, 
we  isolated  FFAG-associated  immunocomplexes  by  de¬ 
naturing  gel  electrophoresis,  followed  by  Coomassie  Blue 
staining.  Twelve  visible  bands  were  excised,  and  ex¬ 
tracted  proteins  were  subjected  to  MS  analysis  (described 
in  (22)).  FoxGI  was  identified  as  a  candidate  AIB1 -inter¬ 
acting  protein  through  our  MS  evaluation.  It  was  of  in¬ 
terest  for  further  investigation  since  it  is  known  to  func¬ 
tion  in  certain  contexts  as  a  transcriptional  repressor  (25) 
and  could  potentially  regulate  AIB1  function  and  gene 
expression.  To  verify  AIB1  interaction  with  FoxGI,  we 
performed  coimmunoprecipitation  (co-IP)  experiments. 
FFAG-AIB1  was  expressed  by  transient  transfection  to¬ 
gether  with  HA-FoxGl  in  HEK293T  cells  and  HA- 
FoxGl  was  detected  in  the  immunoprecipitates  of  FFAG- 
AIB1  from  whole  cell  lysates  (Figure  1A).  We  also 
confirmed  the  interaction  of  endogenous  AIB1  and 
FoxGI  in  MCF-7  breast  cancer  cells  which  harbor  the 
20q  AIB1  gene  amplicon  and  express  high  levels  of  AIB1 
protein  and  a  detectable  amount  of  FoxGI  (Figure  IB). 
These  IP  results  confirm  the  MS  data  and  demonstrate 
that  FoxGI  is  present  in  complexes  that  coimmunopre- 
cipitate  with  AIB1. 

FoxGI  is  predominantly  expressed  in  the  brain  and  its 
non-neuronal  expression  in  normal  tissues  is  low  (23, 24). 
The  expression  of  FoxGI  in  human  cancer  has  not  been 
widely  reported.  In  a  comparison  of  normal  breast  cells 
and  breast  cancer  cell  lines,  we  found  that  the  mRNA 
expression  level  of  FoxGI  was  significantly  lower  in 
breast  cancer  cell  lines,  irrespective  of  their  estrogen  re¬ 
ceptor  (ER)  status,  as  compared  to  FoxGI  expression  in 
the  normal  human  mammary  epithelial  cells  (HMEC) 
(Figure  1C).  These  data  suggest  a  loss  of  FoxGI  expres¬ 
sion  from  normal  to  cancerous  transition  (Figure  1C)  and 
indicate  that  reduced  FoxGI  expression  might  have  prog¬ 
nostic  significance  in  human  breast  cancer.  Our  reanalysis 
of  published  microarray  data  (www.oncomine.org)  from 


doi:  10.1210/me.2012-1353 


mend.endojournals.org  3 


M  Input 

FLAG-AIB1  +  -  + 

HA-FoxGI  -  +  + 


IP:  FLAG 


+  - 
-  + 


AIB1  and  FoxGI  mRNA 


8-' 

4- 


a> 

D) 

c 

<0 

-C 

O 

•U 

o 


3- 


2  2- 

1  -1  i—i 
0 


□  AIB1 
■  FoxGI 


ruiifU 


■?/  j?  .r  a- 


#  #  *  # 


.CN  <»' 


Low  High 
1138  1103 


B 


Input 


v$> 


FoxGI I 


WB:  HA 
WB:  FLAG 


WB:  FoxGI 
WB:  AIB1 


o> 

o 


£ 

O 

CO 

</) 

2 

a. 

x 

LU 

5 

X 

o 


0 

-2 

-4-1 


v 

v 


-10  -5  0  5  10 

AIB1  Expression  (Log  2) 

Low  High 
1260  981 


FIGURE  1.  AIB1  and  FoxGI  interact  in  mammalian  cells.  A,  AIB1  interacts  with  FoxGI  in 
HEK293T  cells.  FLAG-AIB1  was  cotransfected  with  HA-FoxGI  constructs.  48  h  post  transient 
transfection,  whole  cell  lysates  were  collected  and  used  for  immunoprecipitation  (IP)  and  western 
blot  (WB)  analysis  with  anti-FLAG  and  anti-HA  antibodies  as  indicated.  B,  Interaction  of 
endogenous  AIB1  with  FoxGI  in  MCF-7  breast  cancer  cells.  Nuclear  lysates  were  prepared  from 
MCF-7  cells  and  immunoprecipitated  with  an  AIB1  antibody  or  control  IgG.  FoxGI  protein 
associated  with  AIB1  in  the  IP  was  detected  by  WB  as  indicated.  C,  AIB1  and  FoxGI  mRNA 
expression  levels  in  breast  cancer  cell  lines.  Total  RNA  was  harvested  from  breast  cancer  cell  lines 
to  determine  the  relative  gene  expression  for  AIB1  and  FoxGI .  D,  FoxGI  and  AIB1  mRNA 
expression  are  inversely  correlated.  Data  from  Zhao  et  al.  (28),  Turashvili  et  al.  (29),  Richardson  et 
al.  (30),  and  TCGA  (The  Cancer  Genome  Atlas  -  Invasive  Breast  Carcinoma  Gene  Expression  Data) 
were  analyzed  using  Oncomine  (www.oncomine.org).  Higher  expression  of  FoxGI  coincides  with 
lower  expression  of  AIB1  and  vice  versa.  E,  Analysis  of  the  levels  of  AIB1  and  FoxGI  mRNA  on  a 
gene  expression  microarray  of  breast  cancer  samples  from  patients  with  known  relapse-free 
survival  (RFS)  times  provided  by  Kaplan-Meier  Plotter  (http://www.kmplot.com)  (KM  analysis 
parameters  are  described  in  Material  and  Methods)  (31). 


human  breast  cancer  clinical  samples  of  four  independent 
studies  (Zhao  et  al.  (28),  Turashvili  et  al.  (29),  Richardson 
et  al.  (30),  and  The  Cancer  Genome  Atlas  -  Invasive  Breast 
Carcinoma  Gene  Expression  Data/TCGA)  further  sup¬ 
ported  this  hypothesis  and  showed  a  significant  (P  < 
.0001)  negative  correlation  between  AIB1  and  FoxGI 
mRNA  expression  over  714  samples,  where  higher  ex¬ 
pression  of  FoxGI  coincided  with  lower  expression  of 
AIB1  and  vice  versa  (Figure  ID). 

In  addition,  we  used  unbiased  gene  expression  data 


compiled  by  Kaplan-Meier  (KM) 
Plotter  (http://kmplot.com)  (31) 
from  a  series  of  suitable  studies  that 
allow  for  an  analysis  of  clinical  out¬ 
comes  correlated  with  a  single  gene 
expression.  We  saw  that  higher 
FoxGI  mRNA  levels,  in  2241  breast 
cancer  samples,  correlated  with  in¬ 
creased  relapse-free  survival  rate 
(Figure  IE)  (KM  analysis  parame¬ 
ters  are  described  in  Materials  and 
Methods).  In  contrast,  in  the  same 
data  set,  elevated  AIB1  transcript 
levels  correlated  with  reduced  re- 
lapse-free  survival  (RFS)  (Figure 
IE),  which  is  consistent  with  previ¬ 
ous  reports  on  AIB1  prognostic  sig¬ 
nificance  in  human  breast  cancer 
(reviewed  in  (12)). 

FoxGI  induces  apoptosis  in 
MCF-7  cells 

The  expression  pattern  for  AIB1 
and  FoxGI  in  MCF-7  cells  was  of 
interest  because  these  cells  signifi¬ 
cantly  overexpress  AIB1  and  show 
low  levels  of  FoxGI  mRNA  expres¬ 
sion  compared  to  HMEC  (Figure 
1C).  We  therefore  chose  to  study  the 
phenotypic  effect  of  FoxGI  overex¬ 
pression  on  MCF-7  cells.  Twenty- 
four  hours  after  expression  vector 
transfection,  overexpressing  FoxGI 
led  to  cell  detachment  from  culture 
dishes,  and  the  induction  of  apopto¬ 
sis  as  determined  by  annexin  V 
staining  (Figure  2A,  upper  panel). 
The  early  and  total  apoptosis  aver¬ 
age  indices  for  duplicate  samples  of 
14.5  and  28.64%  in  FoxGl-ex- 
pressing  cells  were  significantly  ele¬ 
vated  compared  to  MCF-7  cells 
transfected  with  the  control  empty 
vector  (EV)  with  average  apoptosis  indices  of  1.68  and 
9.4%,  respectively  (Figure  2A,  lower  panel).  Increased 
expression  of  FoxGI  in  MCF-7  cells  was  correlated  with 
the  apoptotic  response. 

Previous  studies  reported  increased  incidence  of  apo¬ 
ptosis  in  MCF-7  cells  when  AIB1  expression  is  downregu- 
lated  by  small-interfering  RNA  (siRNA) -directed  gene  si¬ 
lencing  (32).  Thus,  since  AIB1  and  FoxGI  form  a 
complex  (Figure  1 A  and  B),  we  conjectured  that  a  portion 
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FIGURE  2.  FoxGI  induces  apoptosis  and  down-regulates  AIB1  expression  in  MCF-7  cells.  A, 
MCF-7  cells  were  transfected  with  either  an  empty  vector  (EV)  control  or  FoxGI  constructs.  24  h 
after  transfection,  cells  were  subjected  to  Annexin  V  apoptosis  analysis.  The  percentages  of  cells 
in  early-  and  late  apoptosis  are  represented  by  bottom  right-  and  top  right  quadrants  of  the 
FACS  analysis,  respectively.  Percent  total  apoptosis  was  the  total  percentage  of  cells  in  both 
early-  and  late  apoptosis.  The  mean  ±  SEM  values  were  obtained  from  duplicate  samples  from 
each  transfection  condition.  ***,  P  <  .001 ;  **,  P  <  .01  relative  to  EV.  Statistical  analysis  was 
done  by  Student's  t  test.  B,  Analysis  of  endogenous  AIB1  expression  in  MCF-7  cells 
overexpressing  FoxGI .  Cells  were  transfected  with  EV  or  FoxGI  as  in  (A).  Total  RNA  and  whole 
cell  lysates  were  collected  to  determine  the  relative  levels  of  mRNA  and  protein  for  AIB1 .  Cells 
transfected  with  EV  were  arbitrarily  set  at  1  and  cells  expressing  FoxGI  were  analyzed  in 
reference  to  it.  Student's  t  test.  **,  P  <  .01  relative  to  EV.  Relative  protein  levels  were 
determined  by  WB  with  antibodies  as  indicated.  C,  AIB1  rescues  MCF-7  cells  from  FoxGI  - 
induced  apoptosis.  MCF-7  cells  were  transfected  separately  with  expression  vectors  for  either  EV 
control,  FoxGI,  AIB1,  or  AIB1  and  FoxGI  together.  Cells  were  assessed  for  apoptosis  as  in  (A). 
***,  P  <  .001 ,  EV  vs.  FoxGI ;  or  FoxGI  vs.  AIB1  +FoxG1 .  One-way  ANOVA  with  Bonferroni  post 
test. 


of  the  FoxGI -induced  apoptotic  effect  might  be  mediated 
through  changes  in  AIB1  expression.  Consistent  with  this 
notion,  FoxGI  overexpression  caused  a  twofold  decrease 
in  both  AIB1  mRNA  and  protein  expression  levels  (Figure 
2B).  We  also  observed  a  similar  effect  of  FoxGI  on  AIB1 
expression  in  the  metastatic  MDA-MB-231  cells.  In  these 
cells,  FoxGI  overexpression  caused  a  3%  to  6%  increase 
in  early  apoptosis  and  a  near  60%  reduction  in  the  levels 
of  AIB1  protein  (Supplemental  Figure  1A  and  B).  This 
indicates  that  FoxGI  can  have  a  negative  regulatory  effect 


on  AIB1  expression  also  in  other  dif¬ 
ferent  subtypes  of  breast  cancer  cells 
that  are  estrogen  receptor  (ER) 
negative. 

We  next  asked  whether  the 
FoxGI  induction  of  apoptosis  was 
mediated  directly  by  the  loss  of  AIB1 
by  determining  whether  exoge¬ 
nously  expressed  AIB1  was  suffi¬ 
cient  to  rescue  these  cells  from 
FoxGI -induced  apoptosis.  Our 
analysis  revealed  that  AIB1  coex¬ 
pression  with  FoxGI  allowed  an  ap¬ 
proximately  50%  rescue  from  apo¬ 
ptosis  compared  to  cells  transfected 
with  only  FoxGI  (Figure  2C,  right 
panel;  compare  second  bar  with  the 
fourth  bar).  Thus,  our  phenotypic 
studies  argue  that  a  significant  por¬ 
tion  of  the  FoxGI  induction  of  apo¬ 
ptosis  in  MCF-7  cells  is  mediated 
through  down-regulation  of  AIB1 
expression. 

FoxGI  represses  AIB1  promoter 
activity 

Our  data  demonstrate  that 
FoxGI  overexpression  represses  the 
levels  of  AIB1  transcript  (Figure  2B), 
thus,  we  hypothesized  that  FoxGI 
could  directly  regulate  the  AIB1  pro¬ 
moter.  Previous  studies  have  identi¬ 
fied  a  region  in  the  AIB1  gene  pro¬ 
moter  responsible  for  the  positive 
auto-regulation  of  transcription 
through  the  recruitment  of  an  acti¬ 
vating  transcriptional  protein  com¬ 
plex  involving  AIB1,  E2F1,  and  Spl 
(17).  This  critical  positive  regulatory 
sequence  covers  a  -250  to  +350 
span  up  and  downstream  of  the 
transcription  start  site  of  the  AIB1 
gene.  An  intronic  Spl  binding  site, 
marked  by  a  GC  box  at  bp  + 1 50/+ 1 60  is  required  for  the 
AIB1  promoter  activation  by  E2F1  and  AIB1.  Moreover, 
the  Spl  binding  sequence  serves  as  a  docking  site  for  the 
recruitment  of  the  AIB1-E2F1  complex,  through  which 
AIB1  can  act  as  a  coactivator  on  its  own  promoter,  estab¬ 
lishing  a  positive  auto-regulatory  loop  of  AIB1  gene  ex¬ 
pression  (Figure  3A)  (17). 

To  determine  whether  FoxGI  impacted  AIB1  pro¬ 
moter  activity  we  cotransfected  MCF-7  cells  with  an 
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FIGURE  3.  FoxGI  represses  AIB1  gene  promoter  activity.  A,  Model  of  the  AIB1  gene  promoter.  Model  showing  an  activating  transcriptional 
complex  consisting  of  AIB1 ,  E2F1  and  Spl ,  anchored  to  DNA  through  a  Spl  -binding  site,  the  GC box,  which  is  down  stream  of  exon  1  (black  box) 
in  the  -250  to  +350  base  pair  (bp)  region  of  the  AIB1  promoter.  The  red  arrows  represent  the  locations  and  orientations  of  the  AIB1  promoter- 
specific  primers.  B,  panel  i,  AIB1  wild  type  (WT)  and  mutant  Spl  site-deleted  promoter  luciferase  reporters.  The  red  arrows  are  primers  that 
specifically  detect  these  reporters.  Panel  ii,  FoxGI  represses  the  activity  of  the  AIB1  promoter  reporter.  MCF-7  cells  were  transfected  with  WT 
AIB1(-250/+350)  reporter  alone,  or  together  with  E2F1  in  the  presence  or  absence  of  FoxGI .  A  representative  graph  is  shown  from  two 
independent  experiments  and  data  were  analyzed  by  one-way  ANOVA  with  Bonferroni  post  test.  **,  P  <  .01  when  E2F1  is  compared  to  promoter 
alone;  or  FoxGI  and  E2F1  together  relative  to  E2F1 .  Panel  Hi,  Protein  association  to  the  Spl  binding  site  in  the  transfected  AIB1  gene  promoter. 
HEK293T  cells  were  transfected  with  either  the  WT  AIB1  reporter  or  the  mutant  reporter  where  the  Spl  binding  sequence  is  deleted.  Cells  were 
processed  for  ChIP  6  h  post  transfection.  Recruitment  of  FoxGI,  AIB1,  E2F1  and  Spl  to  both  the  WT-  and  mutant  reporters  was  assessed  with  a 
pair  of  primers  that  specifically  detect  the  transfected  reporter  DNA  (panel  /,  red  arrows).  The  IgG-ChIP  was  arbitrarily  set  as  1  and  all  the  samples 
were  analyzed  and  plotted  in  reference  to  IgG.  Data  represent  two  independent  experiments  and  were  analyzed  by  Student's  t  test.  ***,  P  < 

.001 ;  **,  P  <  .01 ;  *,  P  <  .05  compared  with  IgG  control. 


E2F1  expression  vector  in  the  presence  or  absence  of 
FoxGI  and  a  wild-type  (WT)  AIB1  promoter-luciferase 
reporter  containing  the  intact  positive  regulatory  se¬ 
quence  of  the  AIB1  gene  promoter  (Figure  3B  i).  E2F1 
significantly  enhanced  the  AIB1  promoter  reporter  activ¬ 
ity,  as  shown  previously  (Figure  3B  ii)  (17),  whereas  the 
addition  of  FoxGI  suppressed  E2Fl-induced  AIB1  pro¬ 
moter  activation  back  to  the  basal  level,  indicating  an 
inhibitory  role  for  FoxGI  in  AIB1  gene  expression  (Figure 
3B  ii). 

Because  the  intronic  GC-rich,  Spl  binding  sequence  is 
essential  for  the  recruitment  of  Spl,  AIB1  and  E2F1  (17), 
we  next  tested  whether  FoxGI  is  also  recruited  to  the 
AIB1  gene  promoter  through  this  element.  We  performed 
chromatin  immunoprecipitation  (ChIP)  assays  using 
HEK293T  cells  transfected  with  either  the  WT  luciferase 


reporter  AIBl(-250/+350)  or  the  same  reporter  with  a 
deleted  Spl  site  -  AIBl(-250/+350)-Spl-del  (Figure  3B  i). 
PCR  primers  with  a  forward  primer  positioned  on  exon  1 
of  the  AIB1  gene  and  a  reverse  primer  in  the  luciferase 
sequence  were  used  to  specifically  detect  and  distinguish 
the  transfected  luciferase  vectors  from  the  endogenous 
AIB1  promoter  (Figure  3B  i,  red  arrows).  Our  ChIP  anal¬ 
ysis  showed  that  FoxGI  is  associated  with  the  WT  AIB1(- 
250/+350)  reporter  but  not  the  mutant  reporter  AIB1(- 
250/+350)-Spl-del  (Figure  3B  iii).  Consistent  with 
published  literature  (17),  our  data  also  demonstrated  that 
AIB1,  E2F1  and  Spl  bind  to  the  WT  AIBl(-250/+350) 
reporter,  whereas  the  Spl  site  deletion  abolished  recruit¬ 
ment  of  these  proteins  (Figure  3B  iii).  These  results  indi¬ 
cate  that  the  Spl  binding  site  is  not  only  required  for  Spl, 
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E2F1  and  AIB1  binding  to  the  AIB1  promoter,  but  it  is 
also  critical  for  the  recruitment  of  FoxGI. 

FoxGI  forms  a  complex  with  AIB1  and  E2F1  on  the 
endogenous  AIB1  gene  promoter 

We  next  performed  ChIP  assays  to  investigate  whether 
FoxGI  is  directly  recruited  to  the  -250/+350  region  of 
the  endogenous  AIB1  gene  promoter  in  MCF-7  cells.  Us¬ 
ing  a  pair  of  AIB1  promoter-specific  primers  where  the 
forward  primer  is  positioned  on  exon  1  of  the  AIB1  gene 
and  the  reverse  primer  is  situated  down-stream  of  the  Spl 
binding  sequence  (Figure  3A,  red  arrows),  we  found  that 
an  antibody  specific  to  FoxGI,  but  not  the  IgG  control, 
successfully  immunoprecipitated  endogenous  FoxGI  on 
the  AIB1  promoter  (Figure  4A).  As  a  negative  control  we 
demonstrated  no  specific  FoxGI  binding  relative  to  the 
IgG  control  to  a  region  in  the  coding  sequence  of  exon  4 
of  the  AIB1  gene  (Figure  4A).  We  also  show  that  FoxGI  is 
not  recruited  specifically  to  the  nontarget  albumin  pro¬ 
moter  (Figure  4A).  Together,  these  ChIP  data  support 
FoxGI  specific  recruitment  to  the  AIB1  promoter. 


AIB1  has  been  shown  to  directly  interact  with  E2F1 
and  the  AIB1-E2F1  complex  is  essential  for  E2F1 -regu¬ 
lated  gene  transcription  (7).  Individual  binding  of  AIB1 
and  E2F1  to  the  -250/+350  region  of  the  endogenous 
AIB1  gene  promoter  is  well  established  (17),  and  our  goal 
was  to  determine  whether  AIB1  and  E2F1  are  recruited  to 
this  region  as  a  complex.  We  performed  reciprocal  ChlP- 
reChlP  (reChIP)  assays  to  address  this  question.  Cross- 
linked  and  sonicated  chromatin  was  prepared  from 
MCF-7  cells,  incubated  and  immunoprecipitated  first 
with  either  AIB1  or  E2F1  antibodies.  The  AIB1-  or  E2F1 
ChIP,  followed  by  “release”  of  the  protein-enriched  chro¬ 
matin,  was  subjected  to  a  subsequent  ChIP  with  antibod¬ 
ies  specific  to  either  E2F1  or  AIB1,  respectively.  As  a 
control,  isotype  IgG  was  used  for  the  first  round  of  ChIP 
followed  by  E2F1-  or  AIB1  reChIP.  The  two-step  recip¬ 
rocal  reChIP  successfully  precipitated  the  endogenous 
AIB1  promoter,  indicating  that  AIB1  and  E2F1  form  a 
protein  complex  at  the  -250/+350  region  of  the  AIB1 
promoter  (Figure  4B). 


FIGURE  4.  FoxGI  forms  a  complex  with  AIB1  and  E2F1  on  the  AIB1  gene  promoter.  A,  FoxGI  is  recruited  to  the  endogenous  AIB1  promoter. 
ChIP  assays  were  performed  in  MCF-7  cells,  where  endogenous  FoxGI -DNA  complex  was  immunoprecipitated  with  anti-FoxGI  antibody  or  isotype 
IgG.  Protein-enriched  DNA  was  analyzed  by  RT-PCR  using  AIB1  promoter-specific  primers  (Figure  3A,  red  arrows)  or  primers  that  will  either  amplify 
a  region  in  exon  4  of  the  AIB1  gene  or  the  albumin  promoter.  ChIP  results  were  analyzed  by  Student's  t  test,  where  ***,  P  <  .001  relative  to  IgG. 

B  to  D  Two-step  ChIP-reChIP  assays  were  performed  in  MCF-7  cells,  and  all  DNA  samples  were  subjected  to  two  rounds  of  ChIPs.  Sonicated 
chromatin  was  immunoprecipitated  first  with  (B)  AIB1  or  E2F1-,  (C)  FoxGI  or  AIB1-,  or  (D)  FoxGI  or  E2F1  antibodies,  followed  by  reChIP  with 
antibodies  specific  to  (B)  E2F1  or  AIB1 ,  (C)  AIB1  or  FoxGI ,  or  (D)  E2F1  or  FoxGI .  As  a  negative  control,  isotype  IgG  was  used  for  the  first-round 
ChIPs  followed  by  reChIP  of  the  respective  second-round  antibodies.  The  endogenous  AIB1  promoter  bound  to  each  immunocomplex  as  indicated 
in  the  figure  was  analyzed  by  RT-PCR  using  the  AIB1  promoter-specific  primers.  Student's  t  test.  ***,  P  <  .001 ;  **,  P  <  .01 ;  *,  P  <  .05  when 
compared  with  each  respective  IgG-reChIP  control.  E,  FoxGI  recruitment  to  the  endogenous  AIB1  promoter  is  dependent  on  AIB1 .  Endogenous 
AIB1  was  depleted  by  infection  of  MCF-7  cells  with  lentiviral  vectors  expressing  shRNAs  targeting  a  distinct  sequence  in  AIB1  (shRNA-AIBI)  or 
control  scrambled  shRNA  (shRNA-Control).  96  h  post  lentiviral  infection,  cells  were  subjected  to  ChIP  analyses  where  protein-DNA  complexes  were 
immunoprecipitated  with  antibodies  against  either  AIB1  or  FoxGI ,  or  an  isotype  IgG.  Student's  t  test.  **,  P  <  .01 ;  shRNA-Control  vs.  shRNA-AIBI . 
The  amount  of  AIB1  protein  knocked  down  96  h  post  infection  was  assessed  by  Western  blot  with  antibodies  as  indicated. 
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We  next  assayed  for  endogenous  FoxGl  participation 
in  the  AIB1-E2F1  complex  by  reciprocal  reChIP  assays. 
We  found  that  the  endogenous  AIB1  promoter  was  pre¬ 
cipitated  from  FoxGl/AIBl  and  FoxGl/E2Fl  reChIP  im- 
munoprecipitates,  as  well  as  AIBl/FoxGl  and  E2F1/ 
FoxGl  reChIP  immunoprecipitates  (Figure  4C  and  D). 
These  data  suggest  simultaneous  chromatin  co-occu- 
pancy  of  the  three  proteins,  and  indicate  that  there  is  basal 
level  recruitment  of  endogenous  AIB1,  E2F1  and  FoxGl 
to  the  -250/+350  regulatory  sequence  of  the  AIB1 
promoter. 

We  have  confirmed  an  interaction  between  AIB1  and 
FoxGl  (Figure  1A  and  B),  and  shown  that  the  two  pro¬ 
teins  are  recruited  to  the  endogenous  AIB1  gene  promoter 
as  a  complex  (Figure  4C).  To  examine  whether  FoxGl 
occupancy  at  the  endogenous  AIB1  promoter  is  depen¬ 
dent  on  the  corecruitment  of  AIB1,  we  infected  MCF-7 
cells  with  lentiviral  vectors  expressing  shRNAs  targeting 
AIB1  (shRNA-AIBl)  or  control  scrambled  shRNAs 
(shRNA-Control).  Depletion  of  AIB1  protein  by  shRNA 
silencing  led  to  a  threefold  decrease  in  AIB1  occupancy  at 
the  endogenous  AIB1  gene  promoter  as  well  as  a  twofold 
reduction  in  the  recruitment  of  FoxGl  to  the  promoter 
(Figure  4E).  This  decrease  in  FoxGl  occupancy  at  the 
AIB1  promoter  was  not  due  to  a  reduction  in  FoxGl 
expression  since  its  protein  levels  remained  unchanged 
while  the  levels  of  AIB1  protein  were  significantly  reduced 
(Figure  4E,  Western  Blot).  Together  our  data  indicate  that 
the  presence  of  AIB1  is  required  for  the  corecruitment  of 
FoxGl  to  the  AIB1  gene  promoter. 

FoxGl  compromises  the  integrity  of  the  activating 
complex  on  the  AIB1  gene  promoter 

We  next  performed  ChIP  assays  to  investigate  the  ef¬ 
fect  of  overexpressing  FoxGl  (at  levels  that  suppress 
AIB1  mRNA  expression  and  cause  apoptosis  as  shown  in 
Figure  2A  and  B)  on  the  transcription  complex  present  on 
the  endogenous  AIB1  promoter  at  bp  +150/+160  (Figure 
3A).  ChIP  assays  were  performed  from  MCF-7  cells  that 
had  been  transfected  with  either  an  EV  control  or  a 
FoxGl -expression  vector.  We  demonstrate  that  increased 
expression  of  FoxGl  resulted  in  >  50%  decline  in  the 
promoter-binding  activities  of  AIB1,  E2F1,  p300  and 
RNA  polymerase  II  (Pol  II),  although  there  was  no  signif¬ 
icant  change  in  Spl  recruitment  at  the  promoter  level 
(Figure  5A).  The  loss  of  promoter  binding  was  not  due  to 
FoxGl -induced  changes  in  gene  expression  since  protein 
levels  of  these  factors  were  either  unchanged  or  increased 
(e.g.,  E2F1)  when  FoxGl  was  overexpressed  (Figure  5B). 
Interestingly,  we  did  not  observe  increased  chromatin  oc¬ 
cupancy  of  FoxGl  when  it  was  overexpressed  (Figure  5A) 
suggesting  that  once  cellular  expression  of  FoxGl  is 


above  a  threshold  level,  it  can  promote  rapid  disassembly 
of  the  Spl -associated  complex  without  affecting  the  di¬ 
rect  binding  of  Spl  to  the  +150/+160  AIB1  promoter 
binding  element.  To  test  this,  we  performed  reciprocal 
reChIP  experiments  to  assess  the  integrity  of  the  tran¬ 
scriptional  protein  complex  with  increased  expression  of 
FoxGl.  We  show  that  FoxGl  overexpression  in  MCF-7 
cells  caused  significant  reduction  in  the  recruitment  of 
protein  complexes  comprising  Spl  and  E2F1,  AIB1  and 
FoxGl  respectively,  or  E2F1  and  Spl,  AIB1  and  FoxGl 
respectively  (Figure  5C  and  D).  Most  interestingly,  we 
observed  that  overexpressing  FoxGl  led  to  a  near  three- 
to  twelvefold  decrease  (depending  on  the  orientation  of 
the  reChIP)  in  the  corecruitment  of  E2F1  complexed  with 
Spl  to  the  AIB1  promoter  (Figure  5C  and  D;  compare 
“Spl/E2F1”  and  “E2F1/Spl”  between  EV,  white  bar  and 
FoxGl,  black  bar). 

The  recruitment  of  p300  to  the  +150/+160  Spl-asso- 
ciated  complex  has  not  been  described  previously  and 
overexpression  of  FoxGl  also  reduces  its  association  with 
the  complex  at  the  AIB1  promoter  (Figure  5A),  without  a 
reduction  in  p300  protein  expression  (Figure  5B).  The 
binding  of  p300  to  AIB1  is  known  to  promote  and  stabi¬ 
lize  transcriptional  complex  formation,  and  exert  a  posi¬ 
tive  effect  on  gene  transcription  (3,  33,  34).  Therefore,  we 
wanted  to  determine  whether  overexpressing  FoxGl  had 
any  effect  on  the  recruitment  of  the  AIBl-p300  complex. 
We  assessed  co-occupancy  of  AIB1  and  p300  at  the  AIB1 
promoter  by  reciprocal  reChIP,  and  discovered  a  five-  to 
eightfold  reduction  in  the  recruitment  of  AIBl-p300  com¬ 
plex  to  the  AIB1  promoter  in  MCF-7  cells  transfected 
with  FoxGl  as  compared  to  control  (Figure  5E). 

FoxGl  disrupts  AIBI's  coactivator  function 

We  next  tested  if  the  effect  of  FoxGl  on  AIB1 -contain¬ 
ing  transcription  complexes  was  limited  to  the  Spl  bind¬ 
ing  site  in  the  AIB1  gene  promoter  or  if  other  promoter 
elements  known  to  involve  AIB1  were  also  affected.  AIB1 
has  previously  been  shown  to  coactivate  NF-kB  and  AP-1 
(8,  10).  Therefore  we  examined  the  impact  of  FoxGl  on 
promoters  containing  these  transcription  factor  binding 
sites.  As  reported  previously  (35),  AIB1  overexpression 
induced  transcription  from  all  these  reporters  (Figure  6A 
to  C)  but  concomitant  FoxGl  overexpression  caused  a 
significant  reduction  in  the  AIB1 -induced  transcription  of 
the  AP-1  and  NF-kB  promoters  (Figure  6A  and  B).  We 
also  observed  a  near-complete  reversal  of  AIB1  coactiva¬ 
tion  on  the  estrogen-responsive  promoter  (ERE)  reporter 
in  the  presence  of  FoxGl  and  estrogen  (Figure  6C).  Inter¬ 
estingly,  FoxGl  expression  caused  a  slight  decrease  in 
AIB1  coactivation  on  the  promoter-reporters  in  the  empty 
vector  transfected  cells  (Figure  6  A  to  C).  HEK293T  cells 
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FIGURE  5.  FoxGI  destabilizes  the  Spl-assoicated  transcription  complex  on  the  AIB1  gene  promoter.  A,  FoxGI  overexpression  leads  to  decreased 
recruitment  of  the  members  of  the  transcriptional  complex  to  the  endogenous  AIB1  promoter.  ChIP  assays  were  performed  in  MCF-7  cells 
transfected  with  EV  or  FoxGI  vectors,  by  enriching  protein-bound  endogenous  AIB1  promoter  with  antibodies  as  indicated.  Student's  t test,  where 
***,  P  <  .001;  **,  P  <  .01  were  FoxGI -expressing  cells  (black  bars)  relative  to  EV  (white  bars).  B,  Relative  protein  levels  after  FoxGI  transfection  in 
MCF-7  cells  are  shown  by  WB  and  probed  with  antibodies  as  indicated.  C  and  D,  Overexpressing  FoxGI  compromises  the  integrity  of  the 
transcription  complex.  The  immunocomplexes  associated  with  the  AIB1  promoter  were  assessed  by  ChIP-reChIP  experiments,  where  chromatin 
was  immunoprecipitated  sequentially  first  with  an  anti-SpI  antibody,  followed  by  reChIP  with  antibodies  specific  to  either  E2F1,  AIB1,  or  FoxGI;  or 
first  with  an  anti-E2F1  antibody,  followed  by  reChIP  with  antibodies  specific  to  either  Spl,  AIB1,  or  FoxGI .  The  Spl -ChIP  and  E2F1  -ChIP  were  also 
followed  by  a  reChIP  of  IgG  as  a  negative  control.  ***,  P  <  .001 ;  **,  P  <  .01 ;  *,  P  <  .05  relative  to  E2F1  /IgG .  Student's  t  test.  E,  Overexpressing 
FoxGI  causes  reduction  in  p300-AIB1  co-occupancy  at  the  AIB1  promoter.  MCF-7  cells  were  transfected  with  EV  or  FoxGI  as  in  (A),  and  harvested 
for  reChIP  experiments  by  performing  reciprocal  and  sequential  ChIPs  using  antibodies  specific  to  p300,  followed  by  AIB1 ,  or  to  AIB1 ,  followed  by 
p300.  The  AIB1  promoter-specific  primers  were  used  to  assess  the  relative  occupancy  of  the  AIB1-p300  complex  at  the  endogenous  AIB1 
promoter.  *,  P  <  .05  relative  to  p300/lgG  or  AIBI/IgG.  Student's  t  test. 


express  endogenous  AIB1  protein,  which  may  coactivate 
the  reporters  and  affect  transcription  from  the  empty  vec¬ 
tor  control.  Thus,  FoxGI  overexpression  should  dampen 
basal  AIB1  coactivating  activity.  To  assess  the  impact  of 
FoxGI  expression  on  endogenous  genes  in  MCF-7  cells 
we  used  quantitative  RT-PCR  to  generate  a  mRNA  ex¬ 
pression  profile  of  168  genes  that  are  known  to  partici¬ 
pate  in  or  respond  to  ER  or  NF-kB  signaling.  In  addition, 
five  housekeeping  genes  were  included  as  a  loading  con¬ 
trol  (ACTB,  B2M,  GAPDH,  HPRT1,  RPLP0).  Using  a 
cutoff  of  gene  expression  changes  of  >  1.5  fold  and  P  < 
.01,  we  found  that  in  the  NF-kB  gene  set,  30  genes  were 
upregulated  and  14  were  downregulated  (40  were  un¬ 


changed);  in  the  ER  responsive  gene  set,  8  genes  were 
upregulated  and  42  genes  were  downregulated  (34  were 
unchanged)  after  overexpression  of  FoxGI.  In  supple¬ 
mental  Table  1  we  detailed  some  of  the  notable  genes 
involved  in  breast  cancer  pathogenesis  that  were  down¬ 
regulated  by  FoxGI  from  the  NF-kB  and  ER  gene  array 
sets.  However,  the  repressive  effect  of  FoxGI  on  AIB  co¬ 
activated  gene  promoters  was  not  universal  since  we 
found  in  parallel  experiments  that  FoxGI  overexpression 
had  no  impact  on  endogenous  E2F1 -regulated  genes  such 
as  CDK2,  CDC25a,  MCM7,  E2F1  and  CDC6  in  MCF-7 
cells  (Figure  6D).  These  data  indicate  that  FoxGI  is  im¬ 
portant  not  only  for  the  control  of  AIB1  promoter,  but 
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FIGURE  6.  FoxGI  disrupts  AIBI's  coactivator  function.  A  and  B,  FoxGI 's  effect  on  steroid-independent  promoters.  HEK293T  cells  were 
transfected  with  AIB1  expression  constructs  as  indicated  with  either  (A)  a  multimerized  AP-1  reporter  or  (B)  a  multimerized  NF-kB  reporter,  in  the 
presence  or  absence  of  FoxGI .  c-fos  and  c-jun  expression  vectors  were  also  cotransfected  with  the  AP-1  reporter.  24  h  after  transfection,  cells 
were  lysed  to  measure  luciferase  activity.  C,  FoxGl's  effect  on  estrogen-stimulated  transcription.  AIB1  was  cotransfected  with  ERa  and  estrogen- 
responsive  promoter  reporter  (ERE)  constructs  into  hormone-stripped  HEK293T  cells,  with  or  without  cotransfection  of  FoxGI .  Cells  were  treated 
with  ethanol  (-)  or  10  nM  estradiol  (E2)  (+)  for  24  h  and  analyzed  for  reporter  activity.  Results  are  expressed  as  changes  in  the  level  of  activation 
compared  with  EV-transfected  cells.  D,  FoxGI  has  no  effect  on  E2F1 -regulated  gene  expression.  MCF-7  cells  were  transfected  with  EV  or  FoxGI 
and  total  RNA  was  harvested  from  cells  to  determine  the  relative  gene  expression  for  CDK2,  CDC25A,  MCM7,  E2F1 ,  and  CDC6.  The  Ct  values 
were  normalized  to  actin  expression  as  control. 


also  for  some  AIB1  regulated  steroid-dependent  and  -in¬ 
dependent  transcription,  although  the  impact  of  FoxGI  is 
dependent  on  the  promoter  context. 

Discussion 

The  control  of  the  overall  levels  and  activity  of  the  nuclear 
receptor  coactivator  AIB1  in  a  cell  occurs  at  multiple  lev¬ 
els  including  control  of  AIB1  levels  of  gene  transcription 
(17,  36),  control  of  AIB1  mRNA  stability  and  degrada¬ 
tion  (with  e.g.,  miRNA-17-Sp  (37)),  control  of  protein 
modification  including  phosphorylation  (35,  38-40), 
acetylation  (3)  and  sumoylation  (41)  and  control  of  pro- 
teasomal  degradation  of  AIB1  protein  (13, 14,  42).  In  the 
current  study  we  have  determined  that  FoxGI  can  control 
levels  of  AIB1  mRNA  by  directly  influencing  the  tran¬ 
scription  of  the  AIB1  gene.  Based  on  our  data  we  propose 
a  model  (Figure  7)  whereby  the  Spl  site  at  bp  +  150/+160 
of  the  AIB1  gene  promoter  is  directly  repressed  by  increas¬ 
ing  levels  of  FoxGI.  AIB1  can  complex  with  E2F1  and 
together  regulate  the  activity  of  its  own  promoter  (17, 
36).  E2F1  can  regulate  AIB1  promoter  activity  by  inter¬ 
acting  with  Spl  bound  at  bp  +150/+160  which,  via  di¬ 
rect  binding  to  DNA,  appears  to  anchor  the  E2F1-AIB1 


coactivating  complex  to  the  AIB1  gene  promoter  (Figure 
7)  (17).  This  allows  AIB1  to  coactivate  and  enhance  the 
transcriptional  activity  of  its  own  promoter.  Our  data 
show  a  reduction  in  the  recruitment  of  the  “anchorage 
complex”,  E2F1-Spl,  as  well  as  the  essential  “coactivat¬ 
ing  complex”,  E2F1-AIB1  to  the  AIB1  promoter  when 
FoxGI  is  overexpressed  (Figure  5C  and  D).  Our  data  also 
indicate  that  p300  is  recruited  as  part  of  the  activating 
complex  necessary  for  high  levels  of  AIB1  gene  transcrip¬ 
tion  (Figure  5A  and  7).  CBP/p300  can  bind  AIB1  directly, 
promote  stable  formation  of  the  transcription  complex 
and  has  strong  histone  acetylase  activity  necessary  for 
altering  local  chromatin  structure  and  activating  tran¬ 
scription  (3,  34).  We  show  that  overexpressing  FoxGI  led 
to  a  dramatic  reduction  in  the  recruitment  of  p300-AIBl 
complex  to  the  AIB1  promoter  (Figure  5E).  Our  data 
indicate  that  as  FoxGI  levels  rise  in  the  cell,  the  Spl- 
associated  transcription  complex  is  disrupted,  causing 
E2F1,  AIB1  and  p300  to  dissociate  from  Spl,  thus  reduc¬ 
ing  AIB1  gene  transcription.  Interestingly,  Hsia  et  al.  have 
shown  that  E2F  family  proteins  together  with  AAA+  nu¬ 
clear  coregulator  cancer  associated  (ANCCAs)  proteins 
are  recruited  to  the  AIB1  gene  promoter  by  binding  to 
multiple  noncanonical  E2F  binding  sequences  within  the 
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FIGURE  7.  A  proposed  model  for  the  role  of  FoxGI  in  regulating  AIB1  gene  expression.  FoxGI 
binds  to,  and  reduces  AIB1  binding  to  the  components  of  the  activating  transcription  complex 
that  is  required  for  the  upregulation  of  AIB1  gene  expression.  In  the  presence  of  increased  FoxGI 
levels,  the  activating  complex  disassembles  and  disassociates  from  the  AIB1  promoter,  leading  to 
reduced  AIB1  gene  transcription. 


AIB1  first  exon  and  intron  regions,  and  are  able  to  directly 
control  AIB1  expression  in  breast  cancer  cells  (43).  How¬ 
ever,  we  believe  that  the  inhibition  of  AIB1  gene  transcrip¬ 
tion  by  FoxGI  requires  no  other  elements  of  the  AIB1 
gene  promoter  since  deletion  of  the  Spl  binding  sequence 
alone  effectively  prevents  recruitment  of  FoxGI,  AIB1, 
E2F1,  and  Spl  to  the  AIB1  promoter  reporter  (Figure  3B 
iii). 

Previous  studies  have  shown  that  FoxGI  can  cause 
transcriptional  repression  by  binding  DNA  directly  (44) 
and  nucleating  a  repressosome  by  recruiting  histone 
deacetylase  1  (HDAC1)  and  TLE  family  proteins  (25). 
However,  a  search  (http://www.ncbi.nlm.nih.gov/nuc- 
core)  of  the  region  flanking  the  Spl  site  in  the  AIB1  gene 
promoter  using  AIB1  genomic  DNA  (GenBank  accession 
no.  AL353777)  shows  no  match  for  the  consensus  FoxGI 


binding  sequence,  AATGTAAACA, 
which  is  evolutionarily  conserved 
and  commonly  shared  by  avian,  rat 
and  human  FoxGI  gene  (45).  Fur¬ 
thermore,  the  interaction  of  AIB1 
with  FoxGI  in  cell  lysates  occurs  in 
the  absence  of  tethering  DNA.  This 
suggests  that  in  the  context  of  the 
Spl  binding  site  in  the  AIB1  pro¬ 
moter,  FoxGI  inhibits  transcription 
by  disrupting  an  activating  tran¬ 
scription  complex  bearing  histone 
acetylase  activity,  rather  than  by 
forming  a  de  novo  repressosome  af¬ 
ter  direct  DNA-binding  to  the  AIB1 
gene  promoter.  Also  consistent  with 
this  paradigm  of  FoxGI -induced  re¬ 
pression  mechanism  is  that,  in  our 
ChIP  assays  in  cells  overexpressing 
FoxGI,  we  did  not  observe  in¬ 
creased  FoxGI  binding  to  the  AIB1 
promoter  near  the  Spl  binding  site. 
In  fact,  as  exogenous  FoxGI  levels 
increase  in  the  cell,  the  amount  of 
FoxGI  present  in  the  Spl -associated 
transcription  complex  decreases 
along  with  the  loss  of  AIB1  and 
E2F1.  This  suggests  that  at  higher 
concentrations  of  FoxGI,  there  is  an 
increase  in  its  access  or  affinity  for 
AIB1  binding,  possibly  though 
dimerization,  and  this  in  turn  would 
accelerate  degeneration  and  disas¬ 
sembly  of  the  activating  transcrip¬ 
tion  complex.  Similar  models  of  re¬ 
pression  have  been  seen  with  Foxpl, 
a  transcriptional  repressor  of  the  forkhead  protein  family 
which  has  been  shown  to  be  tumor  suppressive  in  several 
types  of  cancers  (46).  Foxpl  can  homo-  and  het- 
erodimerize  with  Foxp2  and  Foxp4,  and  dimerization  is 
required  for  interacting  with  other  transcription  cofactors 
and  for  executing  transcriptional  repression  (47). 

Our  data  also  suggest  that  FoxGI  may  fall  under  the 
category  of  “short-range  repressors,”  which  generally  act 
within  100  bp  of,  or  bind  adjacently  to  a  transcriptional 
activator,  causing  inhibition  through  “quenching”  (48- 
50).  Short-range  repressors  may  also  directly  interact 
with  an  activating  cofactor  and  interfere  with  its  activity 
or  block  its  access  to  the  basal  transcriptional  machinery 
(51,  52).  It  is  been  demonstrated  that  several  members  of 
the  short-range  repressors  mediate  transcriptional  repres¬ 
sion  in  a  repressor  concentration-dependent  manner,  in 
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which  higher  repressor  protein  levels  (as  compared  to  low 
levels)  are  sufficient  to  switch  a  gene  from  an  active  to  an 
inactive  state  (52-54).  Therefore,  it  is  possible  that  acti¬ 
vation  of  the  AIB1  gene  promoter  occurs  when  FoxGl 
protein  levels  are  lowered  or  lost  in  a  cell.  Since  high  AIB1 
expression  can  lead  to  uncontrolled  cell  proliferation  and 
tumorigenesis  (11),  it  is  possible  that  cells  employ  FoxGl 
to  control  and  dampen  AIB1  transcription.  FoxGl  thus 
may  serve  as  a  short-range  repressor  for  the  AIB1  pro¬ 
moter,  as  we  have  shown  that  FoxGl  binding  to  AIB1 
leads  to  the  detachment  of  the  critical  activating  protein 
complexes  from  the  AIB1  gene  promoter  which  subse¬ 
quently  causes  the  disintegration  of  the  Spl -associated 
positive  regulatory  transcription  complex  (Figure  5C  and 
D).  In  this  sense,  FoxGl  acts  like  a  tumor  suppresser  and 
this  would  be  consistent  with  the  loss  of  FoxGl  expres¬ 
sion  as  cells  evolve  from  normal  to  cancerous  (Figure  1C). 

A  question  that  arises  from  the  proposed  model  in 
Figure  7  is:  How  does  FoxGl  cause  destabilization  of  the 
Spl -associated  transcription  complex?  One  possibility  is 
that  through  binding,  FoxGl  induces  a  conformational 
change  in  AIB1  which  leads  to  reduced  affinity  between 
AIB1  and  the  other  members  of  the  Spl  transcription 
complex.  Future  studies  will  be  directed  to  examine  the 
domains  of  AIB1  and  FoxGl  responsible  for  complex 
formation  and  repression  of  gene  transcription.  Another 
intriguing  observation  from  our  study  is  that,  despite  the 
disruptive  effect  FoxGl  exerts  on  AIB1  -mediated  coacti¬ 
vation,  we  found  that  this  is  not  limited  to,  or  exclusive  to 
the  Spl  regulatory  sequence.  In  fact,  we  observed  dra¬ 
matic  reductions  in  AIB1  coactivation  at  NF-kB  and  AP-1 
regulatory  elements  (Figure  6  A  and  B).  Although  not  all 
AIB1 -associated  promoter  elements  are  influenced  by 
FoxGl,  since  the  transcription  of  a  number  of  E2F1- 
driven  genes  was  unaffected  by  increasing  amounts  of 
FoxGl  in  the  cell.  This  implies  that  FoxGl  repression  of 
a  gene  promoter  activity  is  context-specific  for  AIB1  in  a 
transcription  complex.  A  recent  genome-wide  location 
analysis  of  AIB1  chromatin  affinity  sites  in  17/3-estradiol 
(E2)  -treated  MCF-7  cells  demonstrated  a  significant 
overlap  of  AIB1  with  FoxAl  binding  sites  in  the  breast 
cancer  cell  DNA  (55).  FoxAl  is  another  member  of  the 
forkhead  family  and  a  determining  factor  for  estrogen 
receptor  function  and  endocrine  response  (56).  It  would 
be  interesting  to  investigate  the  portion  of  AIB1  genomic 
binding  sites  that  are  also  engaged  by  FoxGl,  and  to 
determine  whether  such  a  population  represent  a  subset 
of  FoxGl-  regulated  genes. 

Reintroducing  AIB1  into  FoxGl -induced  apoptotic 
MCF-7  cells  was  only  able  to  partially  restore  viability  in 
these  cells  (Figure  2C).  This  could  indicate  that  FoxGl 
induction  of  apoptosis  also  involves  genes  that  are  not 


directly  regulated  by  AIB1.  However,  complete  replenish¬ 
ment  of  endogenous  AIB1  levels  is  difficult  to  achieve 
after  knockdown  and  also  the  temporal  response  of  dif¬ 
ferent  AIB1  regulated  genes  can  be  variable.  Global  ChIP 
assays  have  revealed  that  AIB1  is  widely  distributed  in  the 
genome  (55)  and  our  data  have  shown  that  FoxGl  down- 
regulates  AIB1  coactivation  of  AP-1  and  NF-kB  transcrip¬ 
tion  (Figure  6 A  and  B).  AP-1  is  known  to  promote  the 
expression  of  genes  involved  in  cell  cycle  progression  (57), 
and  NF-KB-dependent  gene  transcription  is  crucial  for 
proproliferation  and  antiapoptosis  signals  (58).  Thus  re¬ 
duction  in  AIB1  levels  by  FoxGl  repression  likely  has 
effects  on  multiple  AIB1 -regulated  pathways  which  result 
in  apoptosis.  Of  note  is  that  FoxGl  is  also  known  to 
antagonize  TGF-/3  signaling  by  binding  to,  and  blocking, 
the  action  of  SMAD-3/4  proteins,  both  of  which  are  ma¬ 
jor  signal-transducers  of  TGF-/3  (59).  Interestingly,  AIB1 
is  one  of  a  number  of  TGF-/3  responsive  genes  in  A549 
human  lung  carcinoma  cells  (60)  and  TGF-/3  can  signifi¬ 
cantly  upregulate  AIB1  gene  transcription  in  MCF-7  cells 
(16).  Thus  FoxGl  inhibition  of  TGF-/3  signaling  might 
also  be  involved  in  the  FoxGl -mediated  apoptosis  in 
MCF-7  cells. 

The  overexpression  of  the  oncogene  AIB1  is  associated 
with  worse  disease  outcome  in  multiple  types  of  tumors 
(61).  However,  loss  of  AIB1  can  also  be  pro-oncogenic  in 
certain  contexts,  such  as  in  B  cell  lymphoma  (62).  Simi¬ 
larly,  although  FoxGl  can  interact  with  AR  directly  in 
vitro  and  acts  as  a  corepressor  to  both  AR-  and  PR-me¬ 
diated  transactivation  (24),  FoxGl  is  also  shown  to  be 
upregulated  in  ovarian  cancer  (63),  and  its  gene  amplifi¬ 
cation  is  associated  with  the  development  of  bladder  can¬ 
cer  and  medulloblastoma  (64,  65).  This  suggests  that 
FoxGl  can  be  both  pro-  or  antioncogenic,  depending  on 
the  cellular  environment.  Our  analysis  of  the  microarray 
data  generated  from  breast  cancer  populations  indicates 
that  lower  levels  of  FoxGl  segregate  with  worse  clinical 
outcome  (Figure  IE).  Since  estrogen  is  reported  to  sup¬ 
press  cellular  AIB1  expression  in  MCF-7  cells  (16),  it  is 
possible  that  ER  status  may  contribute  to  the  better  prog¬ 
nosis  associated  with  higher  FoxGl  levels  in  patients. 
However,  the  risk  of  relapse  with  low  FoxGl  was  not 
significantly  different  in  the  ER-positive  and  -negative 
patient  populations  analyzed  in  Figure  IE  (data  not 
shown).  Overall  our  observations  in  the  present  study 
suggest  that  FoxGl  can  act  like  a  tumor  suppressor  in 
breast  cancer,  and  downregulation  of  FoxGl  function 
could  represent  an  important  mechanism  to  drive  AIB1- 
dependent  survival  and  growth.  Mimicking  FoxGl  bind¬ 
ing  to  AIB1  with  small  molecule  inhibitors  is  therefore  a 
possible  therapeutic  approach  in  AIB1  overexpressing 
cancers. 
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Materials  and  Methods 

Plasmids 

HA-p300,  E2F1  and  IRES-FoxGl  constructs  were  kindly 
provided  by  Dr.  Maria  L.  Avantaggiati  (Georgetown  Univer¬ 
sity),  Dr.  Hongwu  Chen  (University  of  California,  Davis)  and 
from  Dr.  Joan  Massague  (Sloan-Kettering  Institute),  respec¬ 
tively.  FLAG-AIB1  plasmid  was  previously  described  (35,  66). 
HA-FoxGl  was  generated  first  by  restriction  enzyme  digestion 
of  the  IRES-FoxGl  construct  with  EcoRl  and  BamHl,  followed 
by  insertion  of  the  excised  FoxGI  coding  region  into  phCMV2. 

Cell  Lines  and  Transient  Transfection 

HEK293T,  MDA-MB-231  and  MCF-7  were  obtained  from 
the  Tissue  Culture  Shared  Resource  at  Georgetown  University. 
HEK293T  and  MDA-MB-231  were  grown  in  Dulbecco  modi¬ 
fied  Eagle’s  medium  (DMEM,  Invitrogen,  Carlsbad,  CA)  and 
MCF-7  was  cultured  in  phenol  red-free  Iscove’s  modified  Ea¬ 
gle’s  medium  (IMEM,  Invitrogen).  All  the  mediums  were  sup¬ 
plemented  with  10%  FBS.  The  human  mammary  epithelial  cells 
(HMEC)  were  purchased  and  cultured  in  commercially  supplied 
medium  (BulletKit,  Lonza,  Walkersville,  MD).  Transient  trans¬ 
fection  was  performed  in  HEK293T  and  MCF-7  with  FuGENE 
6  (Roche,  Indianapolis,  IN)  and  FuGENE  HD  (Promega,  Mad¬ 
ison,  WI),  respectively. 

Western  Blot,  Nuclear  Extraction  and 
Immunoprecipitation  (IP) 

(i)  For  interaction  of  AIB1  with  FoxGI  in  HEK293T,  cells 
were  transfected  with  8  jag  of  either  FLAG-AIB1,  HA-FoxGl,  or 
FLAG-AIB1  and  HA-FoxGl  together.  48  h  post  transfection, 
cells  were  washed  with  cold  IX  PBS  and  lysed  in  1%  Nonidet 
P-40  lysis  buffer  containing  1  mM  Na03V04  and  IX  Complete 
protease  inhibitor  tablet  (Roche).  Whole  cell  lysates  were  sub¬ 
jected  to  IP  with  anti-FLAG  M2  affinity  gel  (Sigma,  St  Louis, 
MO)  as  described  previously  (67)  and  samples  were  subjected  to 
SDS-PAGE.  WB  was  probed  with  antibodies  against  FLAG 
(M2,  Sigma)  or  HA  (Y-ll,  Santa  Cruz  Biotechnology,  Santa 
Cruz,  CA). 

(ii)  For  the  endogenous  interaction  of  AIB1  with  FoxGI, 
MCF-7  cells  were  plated  in  15-cm  dishes  and  nuclear  lysates 
were  prepared  from  cells  as  per  the  protocol  recommended  by 
the  CelLytic  NuCLEAR  Extraction  kit  (NXTRACT,  Sigma).  2 
mg  of  nuclear  lysates  were  used  to  immunoprecipitate  AIB1 
with  anti-AIBl  antibody  (611105,  BD  Biosciences,  San  Jose, 
CA).  The  amount  of  FoxGI  associated  with  AIB1  was  detected 
with  a  FoxGI  antibody  (ab3394,  Abeam,  Cambridge,  MA),  and 
the  precipitated  AIB1  was  probed  using  FLAG  M2  antibody 
(Sigma). 

(iii)  For  protein  expression  levels  in  MCF-7  cells  overexpress¬ 
ing  FoxGI,  cells  were  transfected  with  an  empty  vector  (EV) 
control  or  FoxGI  constructs  for  24  h.  Whole  cell  lysates  were 
prepared  as  indicated  in  (i),  and  relative  protein  levels  were 
assessed  with  the  following  antibodies:  AIB1  (5E1 1,  Cell  Signal¬ 
ing  Technology  Inc,  Danvers,  MA);  E2F1  (KH95,  Santa  Cruz 
Biotechnology);  Spl  (PEP2,  Santa  Cruz  Biotechnology);  p300 
(C-20,  Santa  Cruz  Biotechnology);  FoxGI  (ab3394,  Abeam) 
and  human  actin  (C4,  Millipore,  Billerica,  MA). 


Kaplan-Meier  (KM)  Analysis 

KM  survival  curves  are  generated  from  Kaplan-Meier  Plotter 
(http://kmplot.com)  (31).  Analysis  parameters  used  to  generate 
FoxGI  and  AIB1  mRNA  KM  plots  are  the  following:  Af- 
fymetrix  IDs  of  “206018  at”  and  “209062  x  at”  were 
used  for  FoxGI  and  RAC3/AIB1  respectively;  data  were  plotted 
for  relapse  free  survival  (RFS)  at  15  y  follow-up  threshold;  pa¬ 
tient  data  were  split  and  analyzed  by  median  using  all  probe  sets 
per  gene;  database  “n  =  2361”  was  used  to  generate  all  the  KM 
plots  in  this  study. 

Annexin  V  Apoptosis  Assay  and  Flow  Cytometry 

MCF-7  cells  were  grown  in  10-cm  dishes  with  IMEM  con¬ 
taining  10%  FBS  and  transfected  with  an  EV  control  or  FoxGI - 
expressing  constructs.  After  24  h,  cells  were  trypsinized  and 
stained  with  FITC-conjugated  Annexin  V  and  propidium  iodide 
(PI)  as  per  the  protocol  recommended  by  the  TACS  Annexin  V 
kit  (Tre vigen  Inc,  Gaithersburg,  MD).  The  percentage  of  cells  in 
early  and  late  apoptosis  was  determined  using  fluorescence-ac¬ 
tivated  cell  sorting  (FACS)  on  a  Facstar-Plus  Dual  Laser  flow 
cytometer  (Becton  Dickinson,  Franklin  Lakes,  NJ),  provided  by 
the  Flow  Cytometry  Shared  Resource  at  Georgetown  Univer¬ 
sity.  Duplicate  samples  from  each  transfection  condition  were 
subjected  to  FACS  analysis  for  apoptotic  index. 

ChIP  and  ChIP-reChIP 

For  ChIP  assays  using  transfected  HEK293T,  cells  in  15-cm 
dishes  were  transfected  with  12  jag  of  either  wild-type  AIB1(- 
250/+350)  or  mutant  AIBl(-250/+350)-Spl-del  promoter  re¬ 
porter  constructs.  6  h  after  transfection,  cells  were  fixed  with 
1%  formaldehyde  (3.7%  formaldehyde,  100  mM  NaCl,  50  mM 
Tris/HCl,  pH  8.0,  1  mM  EDTA,  0.5  mM  EGTA)  for  10  min  at 
37°C  and  the  reaction  was  stopped  by  0.125  M  of  glycine  solu¬ 
tion  for  5  min  at  room  temperature.  ChIP  procedures  were  car¬ 
ried  out  essentially  as  described  previously  (68).  1  mg  of  total 
protein  was  immunoprecipitated  overnight  with  5  jag  of  anti¬ 
bodies  against  either  FoxGI  (abl8259,  Abeam),  AIBl/NCoA3 
(C-20,  Santa  Cruz  Biotechnology),  E2F1  (1:1  mixture  of  C-20 
&  KH95,  Santa  Cruz  Biotechnology),  Spl  (PEP2x,  Santa  Cruz 
Biotechnology)  or  IgG  (as  negative  control).  After  reversal  of 
cross-links  and  protein  digestion,  DNA  was  purified  using  GE- 
NECLEAN  Turbo  kit  (Obiogene  Inc,  Carlsbad,  CA).  Real  time 
PCR  (RT-PCR)  (iCycler,  Bio-Rad,  Hercules,  CA)  was  per¬ 
formed  in  triplicates  using  IQ  SYBR  Green  Supermix  (Bio-Rad) 
and  2jal  purified  ChIP  DNA  to  examine  protein  recruitment  to 
the  WT  and  mutant  reporter  constructs  with  the  following  prim¬ 
ers:  5'-GCGAGTTTCCGATTTAAAGC  (complementary  to 
the  5'AIB1  promoter  sequence)  and  5'-CTTTATGTTTTTG- 
GCGTCTTCCA  (complimentary  to  the  5'  reporter  sequence) 
(17). 

For  the  association  of  FoxGI  with  the  endogenous  AIB1 
promoter,  MCF-7  cells  were  plated  in  15-cm  dishes  and  grown 
until  70%-80%  confluence.  Cells  were  cross-linked  and  frag¬ 
mented  for  ChIP  assays  as  described  above.  The  Protein-DNA 
complexes  were  immunoprecipitated  with  5  jag  of  negative  con¬ 
trol  rabbit  IgG  (Santa  Cruz  Biotechnology)  or  anti-FoxGl  anti¬ 
body.  Purified  DNA  was  analyzed  by  RT-PCR  with  a  pair  of 
AIB1  promoter-specific  primers:  5'-  GCGAGTTTCCGATT- 
TAAAGC  and  5 ' -GCCTT GGC AGAT CT GAAG  (17).  To  fur¬ 
ther  verify  the  specificity  of  FoxGI  binding  to  the  AIB1  pro- 


doi:  10.1210/me.2012-1353 


mend.endojournals.org  13 


moter,  ChIP  DNA  samples  were  also  analyzed  by  RT-PCR  with 
primers  amplifying  an  region  in  exon  4  of  the  AIB1  gene  (5'- 
AGACGGGAGC  AGGAAAGTAA  and  5 '  -CGC  AC  ATT- 
TATCTGGTTTGACATTG)  or  primers  that  detect  the  albumin 
promoter  ( 5 ' -T GGGGTT GAC AGAAG AGAAAAGC  and  5'- 
TAC ATT GAC AAGGT CTT GT GGAG)  (17).  To  investigate 
protein  recruitment  to  the  AIB1  promoter  in  MCF-7  cells  over¬ 
expressing  FoxGl,  cells  were  transfected  with  either  an  EV  con¬ 
trol  or  FoxGl  constructs.  24  h  after  transfection,  cells  were 
collected,  sonicated  and  crude  chromatin  solution  was  diluted 
and  incubated  overnight  at  4°C  with  specific  antibodies  against 
FoxGl,  AIB1,  E2F1,  Spl,  p300  (C-20x,  Santa  Cruz  Biotechnol¬ 
ogy),  Pol  II  (C-21x,  Santa  Cruz  Biotechnology)  and  IgG  as  neg¬ 
ative  control.  Purified  DNA  was  analyzed  by  RT-PCR  using  the 
AIB1  promoter-specific  primers. 

The  two-step  ChIP-reChIP  (reChIP)  experiments  were  per¬ 
formed  in  MCF-7  cells.  Chromatin  was  precleared  with  20  pi 
Magna  ChIP  Protein  A+G  Magnetic  Beads  (16663,  Millipore) 
and  2  mg  chromatin  DNA  was  immunoprecipitated  with  40  pi 
beads  and  5  pg  of  either  AIB1,  E2F1  or  FoxGl  antibodies  in  the 
first  round  of  ChIPs.  The  ChIP  precipitates  were  gently  washed 
as  in  the  usual  ChIP  assay  and  the  chromatin-protein  complexes 
were  eluted  from  the  beads  in  75  pi  TE  buffer  (10  mM  Tris,  pH 
8.0,  1  mM  EDTA,  pH  8.0)  containing  IX  Complete  protease 
inhibitor  (Roche)  and  10  mM  DTT  for  30  min  at  37°C.  After 
centrifugation,  the  supernatant  from  each  sample  was  diluted 
with  1.5  ml  ChIP  dilution  buffer  (20  mM  Tris,  pH  8.0,  2  mM 
EDTA,  pH  8.0,  150  mM  NaCl,  1%  Triton  X-100)  containing 
IX  Complete  protease  inhibitor  and  subjected  to  the  second 
round  of  ChIP  with  40  pi  beads  and  5  pg  antibodies  specifically 
against  either  E2F1,  AIB1,  or  FoxGl.  All  first-round  ChIPs  were 
also  followed  by  an  IgG  ChIP  as  a  negative  control.  Cross-links 
were  reversed  in  the  precipitated  complexes  with  200  mM  NaCl 
for  16  h  at  65°C  and  proteins  digested  with  1  pg  of  proteinase  K 
for  1  h  at  45°C.  For  reChIP  assays  performed  in  MCF-7  cells 
with  exogenously  expressed  FoxGl,  sonicated  chromatin  was 
prepared  from  cells  transfected  with  either  an  EV  control  or 
FoxGl  vectors,  and  subjected  to  reChIP  procedures  as  described 
above  with  the  exception  of  first-round  immunoprecipitations 
using  anti-E2Fl  antibody,  followed  by  second-round  ChIPs 
with  either  IgG  (negative  control),  Spl,  AIB1  or  FoxGl  anti¬ 
bodies.  Recovered  ChIP  DNA  was  purified  and  analyzed  by 
RT-PCR  with  the  AIB1  promoter-specific  primers. 

Data  (Ct  values  obtained  from  RT-PCR)  collected  from  all 
ChIP  and  reChIP  experiments  in  this  study  were  first  calculated 
as  percentage  of  their  respective  inputs.  The  IgG-ChIPs  and 
-reChIPs  were  then  arbitrarily  set  as  1  and  all  the  samples  were 
analyzed  and  plotted  in  reference  to  IgG. 


Short  Hairpin  RNA  Constructs  and  Lentivirus 
Infection 

shRNA-AIBl  ( 5 -T GGT GAAT CGAGACGGAAAC A-3 )  was 
subcloned  into  the  EcoRI  and  Agel  restriction  sites  in  PFKO.l 
puro  (Addgene,  Cambridge,  MA)  (35).  Control  scrambled  short 
hairpin  RNA  (shRNA-Control)  was  purchased  from  Addgene. 
Fentivirus  production  was  performed  as  described  previously 
using  the  recommended  protocols  for  production  of  lentiviral 
particles  with  packaging  plasmid  (pCMV-dR8.2  dvpr)  and  en¬ 
velope  plasmid  (pCMV-VSVG)  (Addgene)  (69). 

Luciferase  Reporter  Assay 

Cells  were  plated  in  triplicates  for  all  the  luciferase  reporter 
assays.  50,000  MCF-7  cells  per  well  in  a  24-well  dish  were 
transfected  in  serum-free  IMEM  with  0.5  jag  WT  AIBl(-250/ 
+  350)  promoter  reporter  construct  alone,  or  together  with  0.25 
jag  E2F1,  with  or  without  cotransfection  of  0.25  jag  FoxGl.  24  h 
post  transfection,  cells  were  lysed  in  100  jal  IX  passive  lysis 
buffer  (Promega)  and  incubated  at  room  temperature  for  30  min 
on  a  rocker.  Fuciferase  values  were  measured  using  the  lu¬ 
ciferase  reporter  assay  kit  (Promega).  Protein  concentration  for 
each  sample  was  determined  using  the  BCA  protein  assay 
(Pierce,  Rockford,  IF)  and  luciferase  values  were  normalized 
with  their  protein  concentrations.  Reporter  assays  using 
HEK293T  cells  were  performed  as  descried  above.  Cells  were 
transfected  in  DMEM  without  serum  with  AIB1  expression 
plasmids  and  either  0.2  jag  multimerized  AP-1  or  NF-kB  re¬ 
porter  constructs  (Stratagene,  Santa  Clara,  CA),  in  the  presence 
or  absence  of  0.5  jag  FoxGl.  25  ng  of  c-fos  and  c-jun  expression 
vectors  were  also  cotransfected  with  the  AP-1  reporter.  Hor¬ 
mone-stripped  HEK293T  cells  used  for  estrogen-responsive 
promoter  (ERE)  reporter  assays  were  transfected  with  AIB1- 
(0.5  jag),  ERa  (20  ng)  constructs,  and  ERE  luciferase  vector  (0.2 
jag),  with  or  without  0.5  jag  FoxGl  for  24  h.  Cells  were  then 
treated  with  hormone  for  24  h  before  assessing  for  luciferase 
activity. 

RNA  Extraction  and  Real  Time  PCR 

Total  RNA  was  harvested  using  RNeasy  mini  kit  (Qiagen, 
Valencia,  CA)  and  reverse-transcribed  with  iScript  can  synthesis 
kit  (Bio-Rad)  using  1  jag  of  total  RNA.  cDNA  fragments  were 
amplified  in  triplicates  by  RT-qPCR  (iCycler,  Bio-Rad)  of  45 
cycles  with  primers  listed  in  Table  1  (7,  36).  For  AIB1  and 
FoxGl  gene  expression  in  the  7  tested  cell  lines,  frozen  cell 
pellets  of  BT-483,  T47D,  BT-549,  HCC-1937  and  BT-20  cell 
lines  were  obtained  from  the  Tissue  Culture  Shared  Resource  at 
Georgetown  University.  HMEC  and  MCF-7  cells  were  plated  in 


Table  1.  RT-PCR  primers  used  in  this  study 

Primers  Forward  sequence  Reverse  Sequence 


AIB1 

FoxGl 

CDK2 

CDC25a 

MCM7 

E2F1 

CDC6 

Actin 


AGACGGGAGCAGGAAAGTAA 

AGAAGAACGGCAAGTACGAGA 

TTTGCTGAGATGGTGACTCGC 

TG  AAG  AATG  AG  G  AG  G  AG  AC  C  C  C 

AAGCCAGGAGTGCCAAACCAAC 

CGCATCTATGACATCACCAACG 

AAAGAGAATGGTCCCCCTCACTC 

CCTGGCACCCAGCACAAT 


C  G  C  A  C  ATTT  AT  C  T  G  G  TTT  GAC  ATT  G 

TGTTG  AG  G  G  AC  AG  ATTGTG  G  C 

CACTGGAGGAGGGGTGAGATTAG 

CTGATGTTTCCCAGCAACTGTATG 

GCAGCAGTGCCTTCTTCACATC 

GAAAGTTCTCCGAAGAGTCCACG 

AGTTTTTCCAGTTCCAGGAGCAC 

GCCGATCCACACGGAGTACT 
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10-cm  dishes  and  grown  in  culture  until  70%-80%  confluence. 
The  fold  change  in  AIB1  and  FoxGI  gene  expression  was  nor¬ 
malized  first  to  the  human  actin  gene,  then  calculated  by  the 
comparative  Ct  method,  with  relative  transcript  levels  deter¬ 
mined  as  y  =  2a_act.  AIB1  and  FoxGI  mRNA  expression  of  the 
6  cancer  cell  lines  was  further  normalized  to  the  normal  HMEC 
(set  as  1 ),  which  expresses  the  lowest  levels  of  AIB1  in  the  group. 
For  E2F1 -regulated  gene  expression  in  MCF-7  cells  overex¬ 
pressing  FoxGI,  cells  were  transfected  with  an  EV  control  or 
FoxGI  constructs.  After  24  h  of  transfection,  the  ACt  values  of 
E2Fl-regulated  genes  were  obtained  by  normalizing  to  actin. 
Gene  expression  data  for  NF-kB  and  ER  signaling  and  target 
genes  were  collected  using  NF-kB  Signaling  Targets  RT  (2)  Pro¬ 
filer  PCR  Array  and  ER  Signaling  Pathway  Activity  RT  (2)  Pro¬ 
filer  PCR  Array  (Qiagen).  Expression  of  each  gene  was  first 
normalized  to  the  housekeeping  genes  and  then  to  EV. 

Statistical  Analysis 

All  experiments  were  performed  independently  for  at  least 
two  times  and  results  are  presented  as  means  ±  SEM.  Data  were 
analyzed  by  unpaired  Student’s  t  test  for  comparison  of  two 
groups  or  one-way  ANOVA  with  Bonferroni  post  test  for  com¬ 
parison  of  more  than  two  groups.  Statistical  significance  is  in¬ 
dicated  in  each  figure  by  asterisks:  *  *  * ,  P  <  .001;  **,  P  <  .01; 
*,  P  <  .05. 
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Abstract  The  emergence  of  antiestrogen  resistance  in  breast  cancer  is  an  important  clinical 
phenomenon  affecting  long-term  survival  in  this  disease.  Identifying  factors  that  convey  cell 
survival  in  this  setting  may  guide  improvements  in  treatment.  Estrogen  (E2)  can  induce  apoptosis 
in  breast  cancer  cells  that  have  been  selected  for  survival  after  E2  deprivation  for  long  periods 
(MCF-7:5C  cells),  but  the  mechanisms  underlying  E2-induced  stress  in  this  setting  have  not  been 
elucidated.  Here,  we  report  that  the  c-Src  kinase  functions  as  a  key  adapter  protein  for  the 
estrogen  receptor  (ER,  ESR1)  in  its  activation  of  stress  responses  induced  by  E2  in  MCF-7:5C 
cells.  E2  elevated  phosphorylation  of  c-Src  which  was  blocked  by  4-hydroxytamoxifen  (4-OHT), 
suggesting  that  E2  activated  c-Src  through  the  ER.  We  found  that  E2  activated  the  sensors  of  the 
unfolded  protein  response  (UPR),  IRE  la  (ERN1)  and  PERK  kinase  (EIF2AK3),  the  latter  of 
which  phosphorylates  eukaryotic  translation  initiation  factor-2a  (eIF2a).  E2  also  dramatically 
increased  reactive  oxygen  species  (ROS)  production  and  up-regulated  expression  of  heme 
oxygenase  HO-1  (HMOX1),  an  indicator  of  oxidative  stress,  along  with  the  central  energy  sensor 
kinase  AMPK  (PRKAA2).  Pharmacological  or  RNAi-mediated  inhibition  of  c-Src  abolished  the 
phosphorylation  of  eIF2a  and  AMPK,  blocked  E2-induced  ROS  production,  and  inhibited  E2- 
induced  apoptosis.  Together,  our  results  establish  that  c-Src  kinase  mediates  stresses  generated 
by  E2  in  long-term  E2-deprived  cells  that  trigger  apoptosis.  This  work  offers  a  mechanistic 
rationale  for  a  new  approach  in  the  treatment  of  endocrine-resistant  breast  cancer. 
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Introduction 

Developing  drags  that  target  the  estrogen  receptor  (ER)  either  directly  (tamoxifen)  or  indirectly 
(aromatase  inhibitors)  has  improved  the  prognosis  of  breast  cancer  (1,2).  Although  aromatase 
inhibitors  show  considerable  advantages  over  tamoxifen  with  respect  to  patient  disease  free 
survival  and  tolerability,  acquisition  of  resistance  to  all  forms  of  endocrine  treatments  is 
inevitable  (3,4).  Multiple  mechanistic  changes  are  involved  in  antihormone  resistance  which 
provides  the  scientific  rationale  for  the  clinical  development  of  additional  targeted  therapies 
(5,6).  It  is  well  known  that  the  biological  actions  of  E2  are  mediated  through  the  ER,  which 
functions  in  the  nucleus  as  ligand-dependent  transcription  factors  to  promote  gene  transcription 
and  stimulation  of  cell  growth  (7).  Paradoxically,  laboratory  evidence  demonstrates  that  E2  can 
induce  apoptosis  in  sensitive  antihormone-resistant  cells  in  vivo  (8-10).  This  new  targeted 
strategy  provides  novel  therapeutic  approaches  to  endocrine  resistant  breast  cancer.  A  recent 
phase  II  clinical  trial  reports  that  E2  provides  a  clinical  benefit  for  patients  with  aromatase 
inhibitor-resistant  advanced  breast  cancer  (11).  Additionally,  the  laboratory  results  on  E2-induced 
apoptosis  using  antihormone  treated  MCF-7  cells  have  been  used  to  explain  the  reduction  of 
breast  cancer  and  the  reduction  in  mortality  observed  in  postmenopausal  hysterectomized  women 
in  their  60 ’s  treated  with  conjugated  equine  estrogen  (CEE)  when  compared  to  a  placebo  treated 
control  (12).  The  antitumor  action  of  CEE  is  observed,  not  only  during  CEE  treatment  but  for  6 
years  after  treatment.  These  data  suggest  a  cidal  effect  for  CEE  and  has  been  noted  recently  (13). 
These  encouraging  clinical  results  prompted  us  to  investigate  the  mechanisms  underlying  E2- 
induced  apoptosis,  to  increase  the  therapeutic  benefits  of  E2  in  aromatase  inhibitor  resistant 
breast  cancer. 
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Experimental  evidence  has  established  the  oncogene,  c-Src,  as  a  critical  component  of  multiple 
signaling  pathways  that  regulate  proliferation,  survival,  angiogenesis  and  metastasis  (14,15). 
Increased  c-Src  activity  is  believed  to  play  an  important  role  in  the  development  and  progression 
of  breast  cancer  (16),  and  c-Src  has  been  considered  as  a  survival  signal  for  endocrine  resistant 
breast  cancer  cells  (17).  Therefore,  a  c-Src  inhibitor  administered  as  a  single  agent  or  in 
combination  with  other  anti-hormone  therapy  has  the  potential  to  enhance  the  inhibitory  effects 
of  antihormones  and  delay  antihormone  resistance  (18).  These  observations  highlight  c-Src  as  an 
important  therapeutic  target  for  the  treatment  of  human  breast  cancer. 

Mitochondria  are  important  intracellular  organelles  involved  in  apoptosis  via  an  intrinsic 
pathway  (19).  Although  the  molecular  mechanisms  of  E2-induced  apoptosis  are  not  fully 
understood,  evidence  indicates  that  mitochondrial  related  caspase  pathways  are  involved  (20, 
21).  Similarly,  a  variety  of  events  in  apoptosis  focus  on  mitochondria,  including  the  loss  of 
mitochondrial  transmembrane  potential,  release  of  cytochrome  c,  and  participation  of  pro-  and 
antiapoptotic  Bcl-2  family  proteins  (22,23).  However,  accumulating  evidence  suggests  that  the 
endoplasmic  reticulum  where  members  of  the  Bcl-2  family  of  proteins  localize,  is  also  a  major 
point  of  integration  of  pro-apoptotic  signaling  or  damage  sensing  (24,25).  The  endoplasmic 
reticulum  senses  local  stress  such  as  unfolded  protein  through  a  set  of  pathways  known  as  the 
unfolded  protein  response  (UPR)  (26),  which  activates  three  transmembrane  sensors  PRK-like 
endoplasmic  reticulum  kinase  (PERK),  inositol-requiring  1  alpha  (IRE- la),  and  activating 
transcription  factor  6  (ATF-6)  in  endoplasmic  reticulum  (26).  Depending  on  the  duration  and 
degree  of  stress,  the  UPR  can  provide  either  survival  signals  by  activating  adaptive  and 
antiapoptotic  signals,  or  death  signals  by  inducing  cell  death  programs  (27,  28). 
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We  have  found  that  E2  changes  the  cell  number  according  to  the  treatment  period  in  long-term  E2 
deprived  breast  cancer  cell  lines  MCF-7:5C  and  MCF-7:2A  (25).  E2  has  the  capacity  to  decrease 
around  80  percentage  of  cell  number  in  MCF-7:5C  cells  after  7  days  treatment  whereas  in  MCF- 
7:2A  cells  after  two  weeks  treatment  (29).  Unexpectedly,  the  c-Src  inhibitor  effectively  rescues 
the  decreasing  of  cell  number  by  E2  in  two  long-term  E2  deprived  cell  lines  (29).  The  goal  of  this 
study  is  to  identify  the  mechanisms  underlying  the  early  stage  of  E2-induced  apoptosis  and  the 
function  of  c-Src  in  the  process  of  E2-initiated  apoptosis.  To  that  end,  we  demonstrate  that  E2 
triggers  endoplasmic  reticulum  stress  and  oxidative  stress  which  activate  two  main  apoptotic 
pathways,  the  mitochondrial  ('intrinsic')  and  death  receptor  ('extrinsic')  pathways,  whereas  c-Src 
plays  an  essential  role  in  mediating  stress  responses  induced  by  E2  in  MCF-7:5C  cells.  These 
findings  have  important  clinical  implications  for  the  appropriate  application  of  combination 
therapies  in  advanced  aromatase  inhibitor  resistant  breast  cancer. 

Materials  and  Methods 

Materials 

Estradiol  was  purchased  from  Sigma-Aldrich  (St.  Louis,  MO).  c-Src  inhibitor  PP2  was 
purchased  from  CalBiochem  (San  Diego,  CA).  ERa  antibody  was  from  Santa  Cruz 
Biotechnology  (Santa  Cruz,  CA).  Total  MAPK,  phosphorylated  MAPK,  phosphorylated  c-Src, 
phosphorylated  eIF2a,  total  eIF2a,  IRE1  a  antibodies  were  from  Cell  Signaling  Technology 
(Beverly,  MA).  Total  c-Src  mouse  antibody  was  from  Millipore  (Temecula,  CA).  Estrogen 
dendrimer  conjugate  (EDC)  was  a  kind  gift  by  Dr.  Katzenellenbogen  (University  of  Illinois  at 
Urbana-Champaign) . 
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Cell  culture  conditions  and  cell  proliferation  assays 

Estrogen-deprived  MCF-7:5C  cells  were  maintained  in  estrogen- free  RPMI  1640  medium 
supplemented  with  10%  dextran-coated  charcoal-stripped  fetal  bovine  serum  as  previously 
described  (20).  The  DNA  fingerprinting  pattern  of  cell  line  is  consistent  with  the  report  by  the 
ATCC  (29).  The  DNA  content  of  the  cells,  a  measure  of  proliferation,  was  determined  by  using  a 
DNA  fluorescence  Quantitation  kit  (29). 

Cell  cycles  analysis 

Briefly,  MCF-7:5C  cells  were  treated  with  vehicle  (0.1%  EtOH)  and  E2  (10'9  mol/L) 
respectively.  Cells  were  harvested  and  gradually  fixed  with  75%  EtOH  on  ice.  After  staining 
with  propidium  iodide  (PI),  cells  were  analyzed  using  a  FACSort  flow  cytometer  (Becton 
Dickinson,  San  Jose,  CA),  and  the  data  were  analyzed  with  ModFit  software. 

Annexin  V  analysis  of  apoptosis 

The  FITC  Annexin  V  Detection  Kit  I  (  BD  Pharmingen,  San  Diego,  CA)  was  used  to  quantify 
apoptosis  by  flow  cytometry  according  to  the  manufacturer's  instructions.  In  brief,  MCF-7:5C 
cells  were  treated  with  different  compounds  respectively.  Cells  were  suspended  in  lx  binding 
buffer  and  1  x  105  cells  were  stained  simultaneously  with  FITC-labeled  annexin  V  (FL1-H)  and 
propidium  iodide  (PI)  (FL2-H).  Cells  were  analyzed  using  FACSort  flow  cytometer  (Becton 
Dickinson,  San  Jose,  CA). 

Mitochondrial/Transmembrane  potential  (k\ym)  detection 
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Mitochondrial  membrane  potential  was  measured  by  flow  cytometry  using  the  cationic 
lipophilic  green  fluorochrome  rhodamine-123  (Rhl23)  (Molecular  Probes)  as  previously 
described  (20).  Disruption  of  AH',,,  is  associated  with  a  lack  of  Rhl23  retention  and  a  decrease  in 
fluorescence. 

Detection  of  oxidative  stress 

Intracellular  ROS  were  detected  by  fluorescent  dye  2',7'-dichlorofluorescein  diacetate 
(H2DCFDA,  Invitrogen)  (30).  Briefly,  MCF-7:5C  cells  were  treated  with  E2  for  different  time 
points  using  vehicle  (0.1%  EtOH)  cells  as  control.  Cells  were  loaded  with  1  //M  CM- 
H2DCFDA  for  10  min  and  washed  with  PBS  twice.  Then,  cells  were  monitored  at  fluorescence 
530  nm  and  an  excitation  wavelength  of  488  nm  through  flow  cytometry. 

Immunoblotting 

Proteins  were  extracted  in  cell  lysis  buffer  (Cell  Signaling  Technology,  Beverly,  MA) 
supplemented  with  Protease  Inhibitor  Cocktail  (Roche,  Indianapolis,  IN)  and  Phosphatase 
Inhibitor  Cocktail  Set  I  and  Set  II  (Calbiochem,  San  Diego,  CA).  The  immunoblotting  was 
performed  as  previously  described  (29). 

Transient  transfection  reporter  gene  assays 

Transient  transfection  assay  was  performed  using  a  dual-luciferase  system  (Promega, 
Madison,  WI).  To  determine  ER  transcriptional  activity,  cells  were  transfected  with  an  estrogen 
response  element  (ERE)-regulated  (pERE  (5x)  TA-ffLuc  plus  pTA-srLuc)  dual-luciferase 
reporter  gene  sets.  The  cells  were  treated  with  E2  for  24  hours  following  the  transfection.  Then, 
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the  cells  were  harvested  and  processed  for  dual-luciferase  reporter  activity,  in  which  the  firefly 
luciferase  activity  was  normalized  by  renilla  luciferase  activity. 

Quantitative  real-time  RT-PCR 

Total  RNA,  isolated  with  an  RNeasy  Micro  kit  (Qiagen,  Valencia,  CA),  was  converted  to 
first-strand  cDNA  using  a  kit  from  Applied  Biosystem  (Foster  City,  CA).  Quantitative  real-time 
PCR  assays  were  done  with  the  SYBR  Green  PCR  Master  Mixes  (Applied  Biosystems,  Foster 
City,  CA)  and  a  7900HT  Fast  Real-time  PCR  System  (Applied  Biosystems,  Foster  City,  CA).  All 
primers  were  synthesized  in  Integrated  DNA  Technologies  (San  Diego,  CA).  The  sequence  of 
primers  was  shown  in  the  Supplementary  table  SI.  All  the  data  were  normalized  by  36B4. 

RNA  sequencing  (RNA-seq)  analysis 

MCF-7:5C  cells  were  treated  with  different  compounds  for  72  hours.  Cells  were  harvested 
in  TRIzol.  Total  RNA  was  isolated  with  an  RNeasy  Micro  kit.  These  long  RNA  samples  were 
first  converted  into  a  library  of  cDNA  fragments.  Sequencing  adaptors  were  subsequently  added 
to  each  cDNA  fragment  and  a  2x100  bp  paired-end  sequence  was  obtained  from  each  cDNA 
using  high-throughput  sequencing  technology  (Illumina  GAII).  An  average  of  73.8  million  such 
reads  was  produced  for  each  sample.  The  resulting  sequence  reads  were  aligned  to  reference 
genome  build  hgl9  using  TopHat  1.3.0  (31),  a  splice  junction  aligner.  Transcript  abundance 
were  estimated  as  Fragments  Per  Kilobase  of  exon  per  Million  fragments  mapped  (FPKM),  using 
Cufflinks  1.0.3  (32).  Additional  analysis  was  performed  with  the  alternative  expression  analysis 
by  sequencing  (Alexa-seq)  software  package  as  previously  described  (33).  Gene  expression 
measures  were  compared  between  Cufflinks  and  Alexa-seq  for  the  set  of  17993  overlapping 
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genes.  Correlations  were  excellent  with  Spearman  correlations  of  0.955  to  0.971  for  the  six 
samples.  Pathway  analysis  was  performed  with  DAVID  (34)  on  lists  of  differentially  expressed 
gene  lists. 

Statistical  analysis 

All  reported  values  are  the  means  ±  SE.  Statistical  comparisons  were  determined  with  two- 
tailed  Student's  t  tests.  Results  were  considered  statistically  significant  if  the  P  value  was  <0.05. 

Results 

c-Src  mediated  estrogen-activated  growth  pathways  in  long-term  estrogen  deprived  breast 
cancer  cells  MCF-7:5C. 

It  is  well  documented  that  E2  stimulates  growth  and  prevents  apoptosis  in  wild-type  breast  cancer 
cells  and  estrogen-responsive  osteoblast  cells  (35,36).  In  contrast,  physiological  concentrations 
of  E2  induce  apoptosis  in  long-term  E2  deprived  breast  cancer  cells  (20,21).  c-Src  plays  a  critical 
role  in  relaying  ER  signaling  pathways  in  breast  cancer  cells  (37).  To  investigate  the  function  of 
E2  and  c-Src  in  long-term  E2-deprived  breast  cancer  cells  MCF-7:5C,  a  specific  c-Src  tyrosine 
kinase  inhibitor,  PP2,  was  utilized  to  block  phosphorylation  of  c-Src  (Fig.  1  A).  It  also  effectively 
abolished  the  growth  pathways  including  the  mitogen-activated  protein  kinase  (MAPK)  and 
phosphoinositide  3-kinase  (PI3K)/AKT  pathways  in  MCF-7:5C  cells  (Fig.  1A).  E2  activated  c- 
Src  through  ER  since  4-hydroxytamoxifen  (4-OHT)  completely  suppressed  phosphorylation  of  c- 
Src  (Fig.  IB).  Although  our  previous  finding  showed  that  E2  initiates  apoptosis  in  MCF-7:5C 
cells  (20),  E2  was  able  to  activate  non-genomic  (Supplementary  Fig.  SI  A)  and  genomic  pathways 
in  MCF-7:5C  cells  (Fig.  1C).  These  actions  were  blocked  by  the  c-Src  inhibitor,  PP2  (Fig.  1C 
and  Supplementary  Fig.  SI  A).  Even  though  the  characteristic  E2-induced  apoptosis  occurs  after 
72  hours  treatment  (20),  cell  numbers  were  initially  increased  by  E2  with  a  high  percentage  in  S 
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phase  (Fig.  ID).  All  of  these  results  suggested  that  E2  caused  an  imbalance  between  growth  and 
apoptosis  in  MCF-7:5C  cells. 

Inhibition  of  c-Src  suppressed  estrogen-induced  apoptosis  in  MCF-7:5C  cells. 

We  have  shown  that  long-term  E2  deprivation  increases  c-Src  activity  (29).  Therefore,  we 
addressed  the  question  of  whether  the  c-Src  inhibitor,  PP2,  in  combination  with  E2  would 
enhance  apoptosis  in  MCF-7:5C  cells.  Unexpectedly,  the  c-Src  inhibitor  blocked  apoptosis 
initiated  by  E2(Fig.  2A  and  Supplementary  Fig.  SID).  To  confirm  that  inhibition  of  c-Src  could 
block  E2-induced  apoptosis,  a  specific  siRNA  was  utilized  to  knock  down  c-Src  in  MCF-7:5C 
cells  (Fig.  2B),  which  reduced  the  percentage  of  Annexin  V  binding  induced  by  E2  (Fig.  2C). 
Further  experiments  showed  that  E2  disrupted  mitochondrial  membrane  potential  (AT*,,,)  after  48 
hours  treatment  which  was  measured  by  flow  cytometry  using  rhodamine  123  (Rhl23)  (Fig.  2D). 
The  c-Src  inhibitor  PP2  and  4-OHT  both  prevented  reduction  of  Rhl23  retention  induced  by  E2 
(Fig.  2D).  These  data  demonstrated  that  E2-triggered  apoptosis  utilize  the  c-Src  tyrosine  kinase 
pathway.  To  evaluate  the  role  of  the  non- genomic  pathway  in  E2-induced  apoptosis,  studies  were 
completed  with  a  synthetic  ligand,  estrogen  dendrimer  conjugate  (EDC),  that  only  activates  the 
non-genomic  pathway  at  certain  concentration  (38).  The  results  demonstrated  that  EDC  (ft)'8 
mol/L)  activated  the  non-genomic  pathway  incorporating  c-Src  (Supplementary  Fig.  S2). 
Importantly,  EDC  had  no  capacity  to  activate  endogenous  E2  target  gene  pS2  and  did  not  induce 
apoptosis  in  MCF-7:5C  cells  (Supplementary  Fig.  S2).  All  of  these  findings  suggested  that  the 
non-genomic  pathway  does  not  play  a  critical  role  in  triggering  E2-induced  apoptosis. 

Suppression  of  E2-induced  apoptosis  by  the  c-Src  inhibitor  was  independent  of  the  classical 
estrogen  response  element  (ERE)  regulated  transcriptional  genes  in  MCF-7:5C  cells. 
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The  ER  is  the  initial  site  for  E2  to  induce  apoptosis  since  anti-estrogens  ICI  182,780  and  4-OHT 
completely  block  apoptosis  triggered  by  E2  (reference  20  and  Supplementary  Fig.  S3A).  In 
addition  to  the  mediation  of  ER  growth  pathways,  c-Src  is  involved  in  the  process  of  ligand- 
activated  ER  ubiquitylation  (39).  Therefore,  blockade  of  c-Src  tyrosine  kinase  with  PP2  further 
increased  ERa  protein  and  mRNA  expression  levels  in  MCF-7:5C  cells  (Fig.  3A).  E2  activated 
estrogen  response  element  (ERE)  activity  which  could  be  blocked  by  4-OHT  but  not  by  PP2 
(Fig.  3B).  It  was  interesting  to  find  that  the  c-Src  inhibitor  alone  could  up-regulate  E2  inducible 
gene  pS2  and  was  additive  with  E2  to  elevate  pS2  mRNA  level  (Fig.  3C).  Another  important  ER 
target  gene  progesterone  receptor  (PR)  has  been  regarded  as  an  indicator  of  a  functional  ER 
pathway,  since  expression  of  PR  is  regulated  by  E2.  Although  the  c-Src  inhibitor  alone  did  not 
elevate  PR  expression,  it  dramatically  synergized  with  E2  to  up-regulate  PR  mRNA  (Fig.  3D). 
All  of  these  results  demonstrated  that  blockade  of  c-Src  increased  expression  of  classical  ER 
target  genes.  It  also  implied  that  classical  ER  pathway  might  not  directly  involve  in  the  E2- 
induced  apoptosis. 

c-Src  was  involved  in  the  process  of  triggering  apoptosis-related  genes  by  E2  in  MCF-7:5C 
cells. 

To  further  investigate  the  mechanisms  of  the  suppression  of  E2-induced  apoptosis  by  PP2,  RNA- 
seq  analysis  was  performed  to  examine  the  genes  regulated  by  E2  to  trigger  apoptosis  in  MCF- 
7:5C  cells.  A  wide  range  of  apoptosis-related  genes  were  activated  by  E2  (Fig.4A),  which  were 
functionally  classified  into  three  groups:  TP53-related  genes  (such  as  TP63,  PMAIP1,  and 
CYFIP2),  stress-related  genes  (such  as  HMOX1,  PPP1R15A,  ZAK,  NUAK2  etc.),  and 
inflammatory  response-related  genes  (such  as  LTB,  FAS,  TNFRSF21,  and  CXCR4  etc.).  Most 
were  stress-related  genes  (Supplementary  Fig.  S3B).  Consistent  with  the  biological  experiments, 
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4-OHT  and  PP2  both  blocked  apoptosis-related  genes  induced  by  E2  but  to  a  different  extent  in 
MCF-7:5C  cells  (Fig.4A).  The  majority  of  these  apoptosis-related  genes  were  confirmed  by  real¬ 
time  PCR  with  similar  changes  noted  as  in  RNA-seq  analysis  (Fig.  4B,  4C,  4D  and 
Supplementary  Fig.  S4).  E2  dramatically  increased  p63  mRNA  levels  (Fig.  4B)  but  did  not  arrest 
cells  in  the  G1  phase.  In  fact,  S  phase  was  markedly  elevated  in  MCF-7:5C  cells  (Fig.  ID). 
Heme  oxygenase  1  (HMOX1)  which  is  active  at  high  concentrations  of  heme,  catalyzes  the 
degradation  of  heme  and  is  thought  to  function  as  an  oxidative  stress  indicator  (40).  In  breast 
cancer  cells,  cytochrome  c  is  a  major  source  of  heme  protein  found  in  the  inner  membrane  of  the 
mitochondrion.  E2  markedly  increased  HMOX1  in  MCF-7:5C  cells  (Fig.  4C)  thereby  confirming 
that  E2  may  damage  the  mitochondria  and  caused  cytochrome  c  release.  In  contrast  to  MCF-7:5C 
cells,  E2  decreased  HMOX1  levels  in  wild-type  MCF-7  cells  (Supplementary  Fig.  S5A)  and 
clearly  did  not  change  HMOX1  expression  in  another  long-term  E2  deprived  cell  line  MCF-7:2A 
(Supplementary  Fig.  S5B),  both  of  MCF-7  and  MCF-7:2A  do  not  undergo  apoptosis  after 
exposure  to  E2  in  the  first  three  days.  Additionally,  E2  upregulated  tumor  necrosis  factor  (TNF) 
family  members  (such  as  TNFa,  LTA,  and  LTB),  which  were  abolished  by  4-OHT  and  PP2  (Fig. 
4D  and  Supplementary  Fig.  S6A  and  S6B).  Low  dose  of  TNFa  activated  pro-apoptotic  pathways 
in  MCF-7:5C  cells  and  inhibited  cell  growth  (Supplementary  Fig.  S6C  and  S6D).  All  of  these 
data  suggested  that  E2  widely  activated  intrinsic  and  extrinsic  apoptosis  pathways  and  c-Src  was 
directly  involved  in  mediating  apoptosis. 

The  c-Src  inhibitor  blocked  estrogen-induced  oxidative  stress  in  MCF-7 :5C  cells. 

Reactive  oxygen  species  (ROS)  are  the  product  of  oxidative  stress  by  mitochondria,  whereas  an 
increase  in  ROS  contributes  to  degenerative  changes  in  mitochondrial  function  (41).  Under 
physiological  conditions,  cellular  ROS  levels  are  tightly  controlled  by  low-molecular-weight 
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radical  scavengers  and  by  a  complex  intracellular  network  of  enzymes  such  as  catalases  (CAT) 
and  superoxide  dismutases  (SOD).  Under  conditions  of  lethal  stress,  ROS  are  considered  as  key 
effectors  of  cell  death  (42).  Intracellular  ROS  were  detected  by  CM-H2DCFDA  through  flow 
cytometry  (Fig.5A).  Detectable  ROS  appeared  after  48  hours  of  treatment  with  E2.  The 
production  of  ROS  reached  a  peak  after  72  hours  treatment  (Fig.5A  and  5B).  Blocking  ER  (by  4- 
OHT)  and  c-Src  (by  PP2)  abolished  ROS  generation  induced  by  E2  (Fig.5C),  indicating  that  both 
ER  and  c-Src  were  upstream  signals  of  ROS.  Free  radical  scavengers  Mn-TBAP,  catalase,  and 
sodium  formate  (SF)  which  respectively  act  on  superoxide  radical  (O2),  H2O2,  and  hydroxyl 
radical  (OH'),  were  utilized  to  suppress  the  production  of  ROS.  Our  results  suggested  that  H2O2 
and  OH'  were  the  major  sources  of  ROS  induced  by  E2.  This  conclusion  was  based  on  the 
observation  that  catalase  and  sodium  formate  inhibited  E2-induced  apoptosis,  whereas  Mn-TBAP 
was  less  effective  (Fig.  5D).  The  RNA-seq  analysis  demonstrated  that  E2  did  not  significantly 
regulate  antioxidant  enzymes  such  as  catalases  (CAT)  and  superoxide  dismutases  (SOD)  in 
MCF-7:5C  cells  (data  not  shown).  Our  results  suggest  that  E2  has  the  potential  to  damage 
mitochondria  to  cause  oxidative  stress. 

c-Src  was  involved  in  estrogen-induced  endoplasmic  reticulum  stress  in  MCF-7:5C  cells. 

Our  previous  global  gene  array  data  show  that  E2  activates  genes  related  to  endoplasmic 
reticulum  stress  in  MCF-7:5C  cells  (25).  To  relieve  stress,  sensors  of  unfolded  protein  responses 
(UPR)  are  activated  as  initial  responses  (43).  In  this  study,  a  significant  induction  of  UPR 
sensors,  inositol-requiring  protein  1  alpha  (IRE la)  and  PERK/eukaryotic  translation  initiation 
factor-2a  (eIF2a),  by  E2  occurred  after  24  hours  of  treatment  and  was  further  increased  by 
prolonging  treatment  times  in  MCF-7:5C  cells  (Fig.  6A).  The  antiestrogen  4-OHT  completely 
abolished  the  response  (Fig.  6A).  The  PERK  inhibitor  blocked  phosphorylation  of  eIF2a  and 
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prevented  E2-induced  apoptosis  (Fig.  6B  and  6C),  confirming  that  endoplasmic  reticulum  stress 
was  important  in  the  apoptosis  initiated  by  E2.  Phosphorylated  eIF2a  closely  associates  with  an 
important  cellular  energy  sensor,  adenosine  monophosphate  (AMP)-activated  protein  kinase 
(AMPK),  to  regulate  protein  translation  and  apoptosis  (44).  AMPK,  which  phosphorylates  many 
metabolic  enzymes  to  stimulate  catabolic  pathways  and  increases  the  capacity  of  cells  to  produce 
ATP  (45),  was  significantly  activated  after  48  hours  treatment  with  E2  (Fig.  6D).  The  c-Src 
inhibitor,  PP2,  blocked  the  phosphorylation  of  eIF2a  but  not  IRE  la  induced  by  E2  (Fig.  6E).  PP2 
also  prevented  the  activation  of  AMPK  after  E2  treatment  (Fig.  6F).  All  of  these  data  indicate 
that  c-Src  acts  as  an  important  transducer  in  the  protein  kinase  pathways  (eIF2a  and  AMPK)  of 
stress  response  (Fig.  6E  and  6F)  that  result  in  apoptosis. 

Discussion 

We  have  previously  investigated  the  inhibitory  effects  of  E2  on  long-term  endocrine  resistant 
breast  cancer  tumor  growth  in  vivo  (8-10).  And  we  have  confirmed  this  therapeutic  effect  is 
related  with  the  apoptosis  induced  by  E2  (20).  This  scientific  discovery  has  been  used  in  the 
clinical  trials  to  treat  aromatase  inhibitor  resistant  breast  cancer  patients  and  30%  of  patients 
receive  benefit  (11).  The  potential  limitation  on  translational  research  in  the  treatment  of 
hormone  responsive  breast  cancer  is  that  only  four  ER  positive  breast  cancer  cell  lines  are 
available  to  use  routinely  (46).  Only  MCF-7  of  the  four  produces  the  phenotype  of  E2-induced 
apoptosis  observed  clinically  (20,21).  The  purpose  of  establishing  long-term  E2  deprivation  in 
vitro  models  is  to  mimic  administration  of  an  aromatase  inhibitor  that  reduces  levels  of 
circulating  estrogen  in  clinical  studies  (47).  After  a  period  of  proliferative  quiescence  lasting  a 
few  months,  the  return  of  proliferation  is  similar  to  the  relapses  observed  12-18  months  after 
primary  hormonal  therapy  in  patients.  Multiple  pathways  are  involved  in  the  adaptive  response  to 

14 

Downloaded  from  cancerres.aacrjournals.org  on  May  30,  2013.  ©  2013  American  Association  for  Cancer  Research. 


Author  Manuscript  Published  OnlineFirst  on  May  23,  201 3;  DOI:  1 0.1 1 58/0008-5472. CAN-1 2-41 52 
Author  manuscripts  have  been  peer  reviewed  and  accepted  for  publication  but  have  not  yet  been  edited. 


the  pressure  of  E2  deprivation  (48).  Although  MCF-7  cells  grown  long  term  have  been  shown  to 
differ  substantially  in  various  properties  depending  upon  the  number  of  passages  and  geographic 
source  of  the  cell  lines,  induction  of  apoptosis  by  physiological  concentrations  of  E2  is  the 
common  characteristic  of  these  in  vitro  model  systems  (20,21).  Nevertheless,  how  E2  induces 
apoptosis  is  at  present  unclear.  Our  new  observation  (29)  that  a  c-Src  inhibitor  paradoxically  can 
block  E2-induced  apoptosis  naturally  demands  further  study.  We  examined  this  aspect  of  c-Src 
pharmacology  to  describe  fully  this  phenomenon  and  gain  an  insight  into  the  convergence  of  ER 
and  c-Src  pathways  for  the  modulations  of  an  apoptotic  trigger  in  breast  cancer.  Here,  for  the 
first  time  we  document  that  c-Src  participates  in  the  mediation  of  stress  responses  induced  by  E2 
to  widely  activate  apoptosis-related  genes  involved  in  the  intrinsic  and  the  extrinsic  apoptosis 
pathways. 

The  ER  is  the  initial  point  for  E2  to  induce  apoptosis  since  anti-estrogens  ICI  182,780  and  4- 
OHT  completely  block  apoptosis  triggered  by  E2  (reference  20  and  Supplementary  Fig.  S3A). 
Contradictory  to  the  traditional  apoptosis  mechanism  caused  by  cytotoxic  chemotherapy  with 
cell  cycles  arrest,  E2-induced  apoptotic  cells  simultaneously  undergo  proliferation  with  an 
increased  S  phase  of  cell  cycle  resulting  in  increased  cell  number  despite  p53  family  members 
being  up-regulated  (Fig. ID  and  4B).  E2  exerts  a  dual  function  on  MCF-7:5C  cells,  with  both 
initial  proliferation  and  the  apoptosis.  In  other  words,  the  initial  response  of  E2  to  stimulate 
growth  is  the  up-regulating  of  classical  transcriptional  activity  by  ER  (Fig.  3B)  without  any 
detected  apoptotic  changes  in  the  first  24  hours.  Activation  of  apoptotic  genes  appeared  after  48 
hours  treatment  with  E2  (data  not  shown),  and  reached  a  peak  by  72  hours  (Fig.  4B,  4C,  and  4D). 
Consistently,  characteristic  apoptosis  occurred  at  72  hours  (Fig.  2A).  These  data  suggest  that  the 
higher  rate  of  proliferation  by  E2  might  activate  other  pathways  to  trigger  apoptosis.  Our  data 
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demonstrate  that  E2  caused  endoplasmic  reticulum  stress  which  activated  the  unfolded  protein 
response  (UPR)  within  24  hours  (Fig.  6A).  The  initial  aim  of  UPR  is  to  restore  normal  function 
of  the  cell,  however,  if  the  damage  is  too  severe  to  repair,  the  UPR  ultimately  initiates  cell  death 
through  activation  of  the  apoptotic  pathway  (49). 

c-Src  functioned  as  an  important  downstream  signal  of  ER  in  MCF-7:5C  cells,  which  was 
activated  by  E2  (Fig.lB,  Supplementary  Fig.  S1A,  SIB,  and  SIC)  and  demonstrated  multiple 
levels  of  association  with  ER  (Fig.  IB,  1C,  2A,  3 A,  3C,  and  3D).  An  important  finding  in  this 
study  is  that  c-Src  tyrosine  kinase  is  critical  for  E2-induced  apoptosis  (Fig.  2A,  2C,  and  2D). 
This,  therefore,  raised  the  question  of  the  actual  role  played  by  c-Src  in  the  process  of  apoptosis 
induced  by  E2.  c-Src  mediated  PI3K/AKT  and  MAPK  growth  pathways  by  E2  (Fig.  1C). 
However,  specific  inhibitors  of  PI3K/Akt  (LY294002)  and  MAPK  (U0126)  could  inhibit  cell 
growth  but  not  prevented  E2-induced  apoptosis  in  MCF-7:5C  cells  (Supplementary  Fig.  S7), 
which  imply  that  MAPK/Akt  growth  pathways  are  not  directly  involved  in  the  apoptosis-induced 
by  E2.  In  MCF-7:5C  cells,  E2  activated  the  non-genomic  pathway  after  10  minutes  treatment  and 
the  c-Src  inhibitor  blocked  the  non-genomic  pathway  (Supplementary  Fig.  S1A  and  SIB). 
Detectable  elevation  of  c-Src  phosphorylation  appeared  after  30  mins  treatment  with  E2 
(Supplementary  Fig.  SIB).  Consistent  stimulation  of  c-Src  appeared  after  24  hours  treatment  and 
gradually  increased  when  extending  to  48  hours  (Fig.  IB  and  Supplementary  Fig.  SIC).  All  of 
these  data  suggest  that  c-Src  activation  is  a  direct  effect  resulting  from  E2.  To  further  explore  the 
function  of  the  non-genomic  pathway  in  the  process  of  E2-induced  apoptosis,  EDC  was  used  to 
treat  MCF-7:5C  cell  which  is  very  ineffective  in  stimulating  transcription  of  endogenous  E2 
target  genes  (38).  The  EDC  (10~8  mol/L)  activated  the  non-genomic  pathway  but  without 
capacity  to  activate  genomic  pathway  and  did  not  induce  apoptosis  in  MCF-7:5C  cells 
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(Supplementary  Fig.  S2).  All  of  these  results  suggest  that  the  non-genomic  pathway  does  not 
play  a  critical  role  in  the  E2-induced  apoptosis.  Interestingly,  the  EDC  could  continuously 
activate  c-Src  and  Akt  but  without  any  effect  on  MAPK  after  24  hours  treatment  (Supplementary 
Fig.  S2E),  which  may  be  resulted  from  enhanced  association  between  ERa  and  membrane 
growth  factor  receptor  (48). 

Additionally,  E2  activated  classical  ERE  activity  but  the  c-Src  inhibitor  could  not  block  the 
response  (Fig.  3B).  Furthermore,  the  c-Src  inhibitor  collaborated  with  E2  to  up-regulate 
endogenous  ER  target  genes  pS2  and  PR  (Fig.  3C  and  3D).  All  of  these  results  imply  that 
classical  ER  transcriptional  pathways  are  not  directly  involved  in  E2-induced  apoptosis. 
Similarly,  Zhang  et  al  reported  that  the  inhibitory  effects  of  E2  on  cell  growth  are  independent  of 
the  classical  ERE  regulated  transcriptional  genes  (50).  Our  global  gene  array  data  suggest  that  E2 
signaling  can  occur  through  a  non-classical  transcriptional  pathway  involving  the  interaction  of 
ER  with  other  transcription  factors  such  as  activator  protein- 1  (AP-1)  and  Spl,  which  may 
regulate  stress  responses  (25).  In  the  present  study,  E2  initiated  UPR  (Fig.  6A),  increased  ROS 
production  (Fig.  5A),  and  widely  activated  apoptosis  related  genes  (Fig.  4A).  The  c-Src  was 
involved  in  the  stress  responses  and  inhibition  of  c-Src  decreased  the  expression  of  apoptosis 
related  genes  induced  by  E2,  which  are  critical  mechanisms  for  the  blockade  of  c-Src  to  prevent 
E2-induced  apoptosis. 

Overall,  E2  induces  endoplasmic  reticulum  and  mitochondrial  stresses  in  MCF-7:5C  cells, 
which  subsequently  up-regulates  apoptosis-related  genes  to  activate  intrinsic  and  extrinsic 
apoptotic  pathways.  Unexpectedly,  c-Src  tyrosine  kinase  plays  a  critical  role  in  the  stress 
response  induced  by  E2.  These  data  clearly  raise  a  concern  regarding  the  ubiquitous  use  of  c-Src 
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inhibitors  to  treat  patients  with  advanced  aromatase  inhibitor-resistant  breast  cancer,  thereby 
undermining  the  beneficial  effects  of  E2-induced  apoptosis. 
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Figure  Legends 

Figure  1.  c-Src  mediated  estrogen-activated  growth  pathways  in  MCF-7:5C  cells.  A,  MCF- 
7:5C  cells  were  treated  with  vehicle  (0.1%  DMSO)  and  PP2  (5><10'6mol/L)  for  different 
durations.  Phosphorylated  c-Src,  MAPK,  and  Akt  were  detected  by  immunoblotting.  Total  c-Src, 
MAPK,  and  Akt  were  used  for  loading  controls.  B,  MCF-7:5C  cells  were  treated  with  vehicle 
(0.1%  DMSO),  E2  (10"9mol/L),  4-OHT  (10'6mol/L),  E2  (10'9mol/L)  plus  4-OHT  (10'6mol/L),  PP2 
(5xlO~6mol/L),  E2(10'9mol/L)  plus  PP2  (5><10"6mol/L)  respectively  for  48  hours.  Phosphorylated 
c-Src  was  detected  by  immunoblotting.  Total  c-Src  was  used  for  loading  control.  C,  MCF-7:5C 
cells  were  treated  with  E2  or  combined  with  PP2  respectively  for  24  hours.  Phosphorylated 
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MAPK  and  Akt  were  examined  by  immunoblotting.  Total  MAPK  and  Akt  were  used  for  loading 
controls.  D,  MCF-7:5C  cells  were  treated  with  vehicle  and  E2  for  different  durations.  Total  DNA 
was  determined  using  a  DNA  fluorescence  quantitation  kit.  As  a  parallel  experiment,  MCF-7:5C 
cells  were  treated  with  vehicle  and  E2  for  72  hours.  Cells  were  fixed  for  cell  cycles  analysis. 
P<0.05,  *  compared  with  respective  control. 

Figure  2.  Inhibition  of  c-Src  suppressed  estrogen-induced  apoptosis  in  MCF-7:5C  cells.  A, 

MCF-7:5C  cells  were  treated  with  different  compounds  respectively  as  above  for  72  hours  and 
Annexin  V  binding  assay  was  used  to  detect  apoptosis.  B,  MCF-7:5C  cells  were  transfected  with 
siRNA  of  c-Src  for  72  hours  using  non-target  siRNA  as  control.  c-Src  was  detected  by 
immunoblotting.  The  P-actin  was  used  for  loading  control.  C,  MCF-7:5C  cells  were  transfected 
with  c-Src  siRNA  and  non-target  siRNA  as  above.  Then,  they  were  treated  with  vehicle  (0.1% 
EtOH)  and  E2  (10'9mol/L)  respectively  for  72  hours.  Apoptosis  was  detected  through  Annexin  V 
binding  assay.  P<0.05,  *  compared  with  control.  D,  MCF-7:5C  cells  were  treated  with  different 
compounds  respectively  as  above  for  48  hours  and  cells  were  harvested  to  detect  mitochondrial 
potential  through  Rhl23.  P<0.001,  **  compared  with  control. 

Figure  3.  Suppression  of  E2-induced  apoptosis  by  the  c-Src  inhibitor  was  independent  of 
the  classical  ERE  regulated  transcriptional  genes  in  MCF-7:5C  cells.  A,  MCF-7:5C  cells 
were  treated  with  vehicle  (0.1%  DMSO)  and  PP2  (5><10'6mol/L)  respectively  for  24  hours.  ERa 
protein  was  detected  by  immunoblotting.  ERa  mRNA  was  quantified  with  qPCR.  P< 0.05,  * 
compared  with  control.  B,  MCF-7:5C  cells  were  transfected  with  ERE  firefly  luciferase  plasmid 
plus  renilla  luciferase  plasmid.  Then,  cells  were  treated  with  different  compounds  respectively 
for  24  hours  to  detect  ERE  activity.  P<0.001,  **  compared  with  control.  C,  MCF-7:5C  cells 
were  treated  with  different  compounds  respectively  for  24  hours.  The  pS2  mRNA  was  quantified 
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with  qPCR.  PO.OOl,  **  compared  with  control.  D,  MCF-7:5C  cells  were  treated  with  different 
compounds  respectively  for  72  hours.  The  PR  mRNA  was  quantified  with  qPCR.  PO.OOl,  ** 
compared  with  control. 

Figure  4.  c-Src  was  involved  in  the  process  of  triggering  apoptosis-related  genes  by  E2  in 
MCF-7:5C  cells.  A,  MCF-7:5C  cells  were  treated  with  vehicle  and  different  compounds 
respectively  as  above  for  72  hours.  Cells  were  harvested  in  TRIzol  for  RNA-seq  analysis.  B, 
MCF-7:5C  cells  were  treated  with  different  compounds  as  above.  TP63  mRNA  was  quantified 
with  qPCR.  P0.001,  **  compared  with  control.  C,  HMOX1  mRNA  was  quantified  with  qPCR. 
PO.OOl,  **  compared  with  control.  D,  TNFa  mRNA  was  quantified  with  qPCR.  PO.OOl,  ** 
compared  with  control. 

Figure  5.  The  c-Src  inhibitor  blocked  estrogen-induced  oxidative  stress  in  MCF-7:5C  cells. 

A,  MCF-7:5C  were  treated  with  vehicle  and  E2  for  different  durations.  ROS  was  detected 
through  flow  cytometry.  B,  Quantification  of  ROS  production  induced  by  E2  was  compared  with 
control.  P<0.001,  **  compared  with  control.  C,  MCF-7:5C  cells  were  treated  with  different 
compounds  as  above.  ROS  production  was  detected  through  flow  cytometry.  PO.OOl,  ** 
compared  with  control.  D,  MCF-7:5C  cells  were  treated  with  vehicle  (0.1%  EtOH),  E2  (10' 
9mol/L),  catalase  (5000U/mL)  plus  E2(10'9mol/L),  Mn-TBAP(5xlO'5mol/L)  plus  E2  (10'9mol/L), 
sodium  formate  (2x10'  mol/L  )  plus  E2  (10'  mol/L)  for  72  hours.  Apoptosis  was  detected 
through  Annexin  V  binding  assay.  P<0.05,  *  compared  with  E2  treated  group. 

Figure  6.  c-Src  was  involved  in  estrogen-induced  endoplasmic  reticulum  stress  in  MCF- 
7:5C  cells.  A,  MCF-7:5C  were  treated  with  E2  (10'9mol/L)  or  combined  with  4-OHT  (10'6mol/L) 
for  different  durations.  IRE  la  and  phosphorylated  eIF2a  were  used  as  indicators  of  UPR 
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activation.  B,  MCF-7:5C  cells  were  treated  with  vehicle  (0.1%  DMSO),  E2  (10'9mol/L),  PERK 
inhibitor  (l><10'5mol/L),  E2  (10"9mol/L)  plus  PERK  inhibitor  (lxl0"5mol/L)  respectively  for  24 
hours.  Phosphorylated  eIF2a  was  examined  as  the  downstream  of  PERK.  Total  eIF2a  was 
determined  for  loading  control.  C,  MCF-7:5C  cells  were  treated  with  E2  or  combined  with  PERK 
inhibitor  respectively  for  72  hours.  Apoptosis  was  detected  through  Annexin  V  binding  assay.  D, 
MCF-7:5C  cells  were  treated  with  E2  or  combined  with  4-OHT  as  above.  Phosphorylated  AMPK 
was  examined  by  immunoblotting.  Total  AMPK  was  determined  for  loading  control.  E,  MCF- 
7:5C  cells  were  treated  with  E2  or  combined  with  PP2  for  24  hours.  IREla  and  phosphorylated 
eIF2a  were  examined  by  immunoblotting.  Total  eIF2a  and  P-actin  were  determined  for  loading 
controls.  F,  MCF-7:5C  cells  were  treated  with  E2  or  combined  with  PP2  for  48  hours. 
Phosphorylated  AMPK  and  total  AMPK  were  examined  by  immunoblotting. 
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Abstract 

The  treatment  Jh^jjfevention  of  solid  tumors  have  proved  to  be  a  major  challenge  for 
medical  science.  The  paradigms  for  success  in  the  treatment  of  childhood  leukemia, 
Hodgkin's  dfs^s^urkett's  lymphoma,  and  testicular  carcinoma  with  cytotoxic  chemo¬ 
therapy  did  not  translate  to  success  in  solid  tumors — the  majority  of  cancers  that  kill.  In 
contrast,  significant  success  has  accrued  for  patients  with  breast  cancer  with  antihor¬ 
mone  treatments  (tamoxifen  or  aromatase  inhibitors)  that  are  proved  to  enhance  sur¬ 
vivorship,  and  remarkably,  there  are  now  two  approved  prevention  strategies  using 
either  tamoxifen  or  raloxifene.  This  was  considered  impossible  40  years  ago.  We 
describe  the  major  clinical  advances  with  nonsteroidal  antiestrogens  that  evolved  into 
selective  estrogen  receptor  modulators  (SERMs)  which  successfully  exploited  the  ER 
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target  selectively  inside  a  woman's  body.  The  standard  paradigm  that  estrogen  stimu¬ 
lates  breast  cancer  growth  has  been  successfully  exploited  for  over  4  decades  with  ther¬ 
apeutic  strategies  that  block  (tamoxifen,  raloxifene)  or  reduce  (aromatase  inhibitors) 
circulating  estrogens  in  patients  to  stop  breast  tumor  growth.  But  this  did  not  explain 
why  high-dose  estrogen  treatment  that  was  the  standard  of  care  to  treat  postmeno¬ 
pausal  breast  cancer  for  3  decades  before  tamoxifen  caused  tumor  regression.  This  par¬ 
adox  was  resolved  with  the  discovery  that  breast  cancer  resistance  to  long-term 
estrogen  deprivation  causes  tumor  regression  with  physiologic  estrogejh  through  apo¬ 
ptosis.  The  new  biology  of  estrogen  action  has  been  utilized  to  explajmthe  findings  in 
the  Women's  Health  Initiative  that  conjugated  equine  estrogen  a|6ne  g|yen  to  post¬ 
menopausal  women,  average  age  68,  will  produce  a  reduction  onki^a J cancer  inci¬ 
dence  and  mortality  compared  to  no  treatment.  Estrogen  ^killing  nascent  breast 
cancer  cells  in  the  ducts  of  healthy  postmenopausal  women.Vhe  modulation  of  the 
ER  using  multifunctional  medicines  called  SERMs  has  prilled  not  only  significant 
improvements  in  women's  health  and  survivorship  not  anticipated  40  years  ago  but  also 
has  been  the  catalyst  to  enhance  our  knowledge  of  estrogen's  apoptotic  action  that  can 
be  further  exploited  in  the  future. 


S0005  >>1.  INTRODUCTION 

p0005  ^  Translation  research  is  a  conversation  between  the  laboratory  and  clin¬ 
ical  practice.  Pharmacology  has  always  been  by  definition  translational 
research.  The  goal  in  the  laboratory  is  to  discover  a  weakness  in  the  disease 
that  can  be  exploited  selectively  to  kill  the  infection  (or  at  least  stop  disease 
progression  and  the  death  of  the  host),  but  without  injuring  the  normal  tis¬ 
sue.  The  key  word  here  is  “selectively,”  as  the  proposed  strategy  for  disease 
treatment  leaves  the  safety  of  the  laboratory  to  enter  the  uncertain  world  of 
treating  patients. 

pooio  At  the  outset,  we  will  consider  the  disease  to  be  controlled  and  the 
relentless  threat  to  the  patient  the  disease  presents.  Breast  cancer  is  unique 
with  its  most  important  drug  target,  the  estrogen  receptor  (ER).  What  is 
unique  is  the  fact  that  the  ER  is  not  tumor  specific.  The  ER  is  ubiquitous 
in  one  form  or  another  (ERa  or  ER|3)  within  a  woman’s  body.  Neverthe¬ 
less,  the  most  progress  during  the  past  40  years  in  patient  survivorship  has 
been  made  by  targeting  the  ER  in  breast  cancer.  We  will  examine  two  ideas 
that  have  been  essential  to  reduce  the  death  rate  from  breast  cancer:  first, 
how  do  we  develop  drugs  to  treat  disease?  Second,  how  do  we  ensure 
selectivity,  that  is,  kill  the  disease  and  not  the  patient.  The  story  will  advance 
rapidly  through  the  twentieth  century,  but  as  with  all  journeys  of  discovery, 
surprises  were  in  store  along  the  way  and  dogma  destroyed.  These  surprises 
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are  at  the  heart  of  our  conversation  with  nature  that  is  necessary  for  progress 
in  medical  science  to  save  lives. 

p00l5  We  will  first  describe  the  stages  of  breast  cancer  and  its  incidence  in 
various  countries.  This  is  important  not  only  to  appreciate  the  extent  of 
the  disease  worldwide  but  also  to  provide  a  basis  to  understand  how  fashions 
in  treatment  have  evolved.  The  first  fashion  was  to  treat  what  could  be 
seen,  that  is,  metastatic  breast  cancer  (stage  IV)  by  endocrine  ablative  surgery 
or  the  empirical  use  of  high-dose  hormone  therapy  (Kennedy,  1965a). 
Endocrine  therapy  was  palliative  and  no  significant  gains  were  anticipated. 
After  the  palliative  use  of  endocrine  approaches  to  treat  stage  IV  breast  can¬ 
cer  for  70  years,  by  the  1970s,  nobody  cared  about  palliative  endocrine 
therapy.  By  the  1960s,  combination  cytotoxic  chemotherapy  was  showing 
dramatic  promise  for  the  treatment  of  stage  IV  breast  cancer  so  combination 
cytotoxic  chemotherapy  was  used  as  an  adjuvant  to  destroy  micrometastases 
(stages  I  and  II)  that  could  not  be  seen  but  were  predicted  to  grow  and  cause 
a  recurrence  of  the  disease.  Regrettably,  success  was  modest  and  cures  elu¬ 
sive.  However,  the  change  in  fashion  to  embrace  long-term  adjuvant  ther¬ 
apy  with  antihormones  saved  millions  of  lives  worldwide.  The  subsequent 
discovery  and  development  of  selectiverS^trogen  receptor  modulators 
(SERMs)  (Jordan,  2001)  was  the  key  step  in  developing  a  practical  approach 
to  reduce  the  incidence  of  breast  cancer  but,  at  the  same  time,  maintained  a 
hope  to  be  able  to  reduce  the  morbidity  produced  by  other  diseases  such  as 
osteoporosis,  coronary  heart  disease,  strokes,  and  endometrial  cancer.  It  has 
therefore  been  possible  over  the  past  40  years  to  address  effectively  the 
targeted  treatment  of  all  stages  of  breast  cancer  and  prevent  the  disease. 
As  a  result  prognosis,  survivorship  has  been  enhanced  and  breast  cancer  inci¬ 
dence  can  now  be  reduced  not  only  in  the  high-risk  population  but  also  in 
the  general  population. 


S0010  >  >2.  CLINICAL  PRESENTATION  OF  BREAST  CANCER 

p0020  ^  Of  the  275,370  American  women  that  are  estimated  to  die  in  2012 
from  cancer,  39,510  of  them  (or  approximately  14%)  are  projected  to  die 
due  to  canci|  of  the  breast  (Howlader  et  al.,  2009).  Of  the  baby  girls  born 
today,  12.38%  will  be  diagnosed  with  breast  cancer  at  some  point  in  their 
lifetime;  2.76%  will  die  from  breast  cancer  (Howlader  et  ah,  2009).  With 
the  exception  of  skin  cancers,  breast  cancer  is  the  most  common  of  all  can¬ 
cers  in  women,  accounting  for  about  one-third  of  all  diagnoses  in  the  United 
States  (Breast  Cancer  Facts  &  Figures,  2011—2012).  In  recent  years,  124.3 
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out  of  100,000  women  per  year  have  been  diagnosed  with  invasive  breast 
cancer  in  the  United  States  (31.4  out  of  100,000  women  per  year  have  been 
diagnosed  with  in  situ  breast  cancer;  23  out  of  100,000  died;  Howlader  et  al., 
2009).  The  District  of  Columbia  has  had  the  highest  number  of  deaths  due  to 
invasive  breast  cancer  in  women  with  27.96  out  of  100,000  (Howlader  et  al., 
2009).  Louisiana,  New  Jersey,  Ohio  Mississippi,  Missouri,  Maryland,  and 
Virginia  all  have  relatively  high  death  rates  (above  24.18  per  ^100,000) 
(Howlader  et  al.,  2009).  While  White  American  women  have  the  highest 
rate  of  breast  cancer  diagnosis,  African  American  women  have  an  increased 
mortality  rate  from  breast  cancer,  with  31.6  out  of  100,000  dying  (Howlader 
et  al.,  2009). 

p0025  According  to  the  American  Cancer  Society,  89%  of  women  with  breast 
cancer  will  still  be  living  5  years  after  their  diagnosis  (Breast  Cancer  Facts  & 
Figures,  2011-2012).  In  fact,  as  of  2008,  there  were  about  2.6  million  alive 
in  America  who  had  at  one  time  been  diagnosed  with  breast  cancer  (Breast 
Cancer  Facts  &  Figures,  2011—2012). 

p0030  Breast  cancer  also  accounts  for  about  %^%Jof  cancer  deaths  among 
Canadian  women,  second  only  to  lung  cancer  (Canadian  Cancer  Statistics, 
2012).  In  Canada,  in  2012,  there  will  be  an  estimated  96  cases  of  breast  cancer 
per  100,000  women  or  about  22,700  new  diagnoses,  with  Ontario  and  Nova 
Scotia  having  the  highest  incidences.  Five  thousand  one-hundred  Canadian 
women  will  die  in  2012  from  breast  cancer — out  of 36,000  total  female  cancer 
deaths — with  Prince  Edward  Island  having  the  highest  breast  cancer  mortality 
rate  (Canadian  Cancer  Statistics,  2012). 

p0035  In  Brazil,  in  2008,  there  were  49,400  new  cases  of  breast  cancer  with  50.7 
cases  per  100,000  women^(EISRCM,  2006)  representing  28%  of  cancers  in 
women  (INCA,  2006).  In  2006,  there  were  10,834  deaths  due  to  breast  can¬ 
cer  (INCA,  2006).  Malignant  breast  cancer  is  the  seventh  leading  cause  of 
death  in  Brazilian  women  (INCA,  2006).  In  the  European  Union,  breast 
cancer  represented  about  30%  of  cancer  incidences  in  women  (Ferlay, 
Parkin,  &  Steliarova-Foucher,  2010),  and  about  16.6%  of  all  female  cancer 
deaths  (Ferlay  et  al.,  2010).  In  China,  168,013  new  cases  of  breast  cancer  in 
women  were  estimated  in  2005  (Yang,  Parkin,  Ferlay,  Li,  &  Chen,  2005).  gen 

p0040  Breast  cancer  cases  are  divided  into  several  stages,  depending  on  the 
development  of  the  disease.  The  population  distribution  of  this  relentlessly 
moving  target,  as  it  first  occurs  in  the  breast  and  subsequently  breaks  out,  is 
illustrated  in  Fig.  7.1.  Invasive  breast  cancer — or  cancer  cells  from  the  breast 
that  have  overrun  tissue  beyond  their  origin,  be  it  breast  or  other  parts  of 
the  body — is  divided  into  four  stages.  Potentially  cancerous,  abnormally 
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Unknown 


f0005  Figure  7.1  Percentage  of  each  stage  of  breast  cancer  as  recorded  by  SEER  between 
2002  and  2008  (Howlader  et  al.,  2009;  Ries,  Eisner,  &  Kosary,  2001).  (See  Color  Insert.) 

V/ 

growing  cells  in  the  wall  of  the  breast  dudTcalled  ductal  carcinoma  in  situ ,  or 
DCIS,  is  often  referred  to  as  stage  0  (Breast  Cancer  Survival  Rates  by 
Stage,  2011). 

p0045  Stage  I  breast  cancer  is  the  first  stage  where  the  cancerous  cells  have 
spread  into  breast  tissue  away  from  the  duct.  This  type  of  tumor  is  confined 
to  the  breast,  and  its  diameter  is  no  more  than  2  cm.  Stage  II  breast  tumors 
have  either  spread  to  the  lymph  nodes  under  the  arm  or  grown  to  be  more 
than  2  cm  in  diameter  (Breast  Cancer  Survival  Rates  by  Stage,  2011). 
p0050  Stage  III  breast  cancer  is  known  as  “locally  advanced  cancer”  and  is 
divided  into  three  subsections.  Stage  IIIA  is  when  the  tumor  spreads  to 
underarm  lymph  nodes  that  are  attached  to  other  bodily  features  (including 
other  lymph  nodes).  Stage  III  also  comprises  tumors  of  greater  than  5  cm 
diameter  that  have  spread  to  isolated  underarm  lymph  nodes.  Stage  IIIB  is 
any  breast  tumor  that  has  grown  into  the  skin  of  the  breast  or  into  the  chest 
wall.  The  size  of  the  tumor  is  unimportant  in  stage  IIIB  classification.  Stage 
IIIC  tumors  have  either  spread  to  the  lymph  nodes  above  or  below  the  [Au2] 
collarbone,  or  spread  to  the  lymph  nodes  under  the  arm  and  behind  the 
breastbone  (Breast  Cancer  Survival  Rates  by  Stage,  2011). 
p0055  Metastatic  breast  cancer  is  known  as  stage  IV.  This  cancer  has  spread  from 
the  breast  to  other  organs.  The  brain,  bones,  and  liver  are  frequent  locations 
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5-year  survival  rate 


Stage  of  breast  cancer 

fOOlO  Figure  7.2  Five-year  survival  rates  among  the  various  stages  of  breast  cancer  (Breast 
Cancer  Survival  Rates  by  Stage,  2011). 

for  secondary  breast  cancers.  Stage  IV  breast  cancer  has  a  poor  prognosis  with  a 
15%  5-year  survival  rate  (Breast  Cancer  Survival  Rates  by  Stage,  2011). 
p0060  It  is,  therefore,  important  to  stress  that  all  “breast  cancer”  is  not  the  same. 
We  now  know  this  from  the  molecular  fingerprints  from  individual  tumors 
that  can  be  classified  into  subgroups  (Hu  et  al.,  2006;  Perou  et  al.,  2000; 
Sorlie  et  al.,  2003).  But  personalized  medicine  has  not  yet  arrived.  Early 
detection  and  staging  remain  essential  for  survival  (Fig.  7.2).  Treatments 
with  endocrine  therapies  have  proved  to  be  more  successful  the  sooner  they 
are  deployed.  But  how  did  this  happen? 


S0015  3.  TARGETED  THERAPY 

soo2ol/  3.1.  Foundations  of  chemical  therapy 

p0065  In  1908,  Professor  Paul  Ehrlich  was  awarded  the  Nobel  Prize  for  Medicine. 
In  his  Nobel  Prize  Lecture  (Baumler,  1984),  he  described  his  work  on  anti¬ 
toxins  for  diphtheria  toxin  and  alluded  to  his  side  chain  theory  of  receptors. 
However,  he  also  alluded  to  his  new  studies  on  arsenicals  (Baumler,  1984). 
He  stated,  “I  want  to  show  you  that  we  are  approaching  the  problem  of 
obtaining  an  insight  into  the  nature  of  the  effects  produced  by  drugs  by 
following  these  points  systematically,  it  will  be  easier  than  before  to  develop 
planned  synthesis  for  pharmaceuticals  targeted  to  requirements”  (Baumler, 
1984).  He  died  of  a  heart  attack  and  kidney  failure  on  the  afternoon  of 
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August  20th,  1915,  so  he  was  not  to  receive  his  second  Nobel  Prize  for  his 
discovery  that  changed  pharmacology  and  the  treatment  of  disease  forever. 
Based  upon  his  early  experience  discovering  dyes  that  stain  bacteria  but  not 
human  cells,  he  conceived  of  the  idea  that  chemicals  could  be  synthesized  to 
kill  the  disease-causing  bacteria  specifically.  Through  his  research,  he  created 
the  process  of  synthesizing  analogues  of  known  toxic  chemicals,  testing  the 
efficacy  and  safety  of  chemicals  in  appropriate  animal  models  of  human  dis¬ 
ease,  and  a  suitable  candidate  could  then  be  tested  in  clinical  trial. 

p0070  Sahachiro  Hata,  in  Erlich’s  team,  created  the  appropriate  animal  models 
of  disease  and  ultimately  discovered  that  chemical  606  was  completely  effec¬ 
tive  against  laboratory  models  of  syphilis.  Ehrlich  approached  Hoescht  to 
enter  into  mass  production  for  clinical  trials.  These  trials  worked  spectacu¬ 
larly  to  cure  a  fatal  disease  and  Salvarsan  became  the  first  specific  chemical 
therapy  (or  chemotherapy).  Professor  Ehrlich  had  created  the  roadmap 
for  drug  discovery  by  the  pharmaceutical  industry,  but  he  also  turned  from 
the  treatment  of  infections  to  cancer  research.  In  1909,  the  press  announced, 
“The  beginning  of  the  end  of  the  cancer  problem  is  in  sight,”  and  an  edi¬ 
torial  in  Scientific  American  in  1912  statecg ‘^Unquestionably,  their  [Ehrlich 
and  Wasseman’s]  investigations  justify  the  hope  of  a  cure  for  human  cancer” 
(Schrek,  1960).  However,  in  1915,  Ehrlich  admitted  defeat  and  stated, 
“I  have  wasted  15  years  of  my  life  in  experimental  cancer”  (Schrek, 
1960).  So  it  would  remain  for  the  next  30  years,  but  this  stagnation  would 
change  with  the  first  successful  use  of  a  chemical  therapy  to  treat  metastatic 
breast  cancer  (stage  IV)  (Haddow,  Watkinson,  Paterson,  &  Koller,  1944). 

soo25  3.2.  The  first  chemical  therapy  to  treat  cancer 

p0075  The  link  between  estrogen  and  the  growth  of  breast  cancer  is  a  fascinating 
tale.  The  interconnected  research  ventures  in  endocrinology  and  chemistry 
during  the  first  40  years  of  the  twentieth  century  would  create  a  new  dimen¬ 
sion  in  therapeutics,  result  in  the  use  of  high  doses  of  synthetic  estrogens  to 
treat  some  metastatic  breast  cancers  successfully,  but  also  create  a  paradox.  If 
ovarian  estrogens  fuel  the  growth  of  breast  cancer,  why  does  a  high  dose  of 
estrogen  kill  breast  cancer  cells  in  postmenopausal  women?  This  paradox  has 
only  recently  been  solved  and  we  will  use  this  chapter  to  illustrate  how  the 
twists  and  turns  of  endocrine  therapy  have  both  revolutionized  patient  care 
and  exposed  a  new  biology  of  estrogen  action:  estrogen-induced  apoptosis. 

p0080  In  1896,  George  Beatson  reported  the  first  case  of  oophorectomy  as  a 
treatment  for  breast  cancer  (Beatson,  1896).  Although  it  is  often  said  that 
he  performed  the  operation  empirically,  he  actually  relied  on  his  knowledge 
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that  farmers  had  discovered  there  was  a  link  between  the  ovary  and  the  lac- 
tating  mammary  gland.  In  1900,  Boyd  (1900)  collected  all-known  cases  of 
oophorectomy  from  hospitals  around  Britain  and  discovered  there  was  a 
30%  response  rate.  This  is  perhaps  the  first  “clinical  trial”  and  gave  the  med¬ 
ical  community  new  knowledge  that  has  stood  the  test  of  time.  The  response 
rate  to  any  endocrine  therapy  is  30%.  The  work  during  the  early  decades  of 
the  twentieth  century  on  laboratory  mouse  models  of  breast  cancer  by 
Lathrop  and  Loeb  (1916)  and  Lacassagne  (1933)  would  be  valuable  to 
advance  knowledge  about  hormones  and  breast  cancer  growth.  However, 
an  understanding  of  why  oophorectomy  was  beneficial  to  treat  breast  cancer 
and  which  tumor  would  be  responsive  would  remain  a  mystery  until  the 
1960s.  The  first  clues  that  the  ovaries  contained  a^stibstance  that  causes 
responses  in  a  target  organ  were  reported  by  Allen  and  Doisey  (1923).  They 
named  their  substance  in  pig  ovary  estrogen.  They  determined  the  biological 
effect  by  ovariectomizing  mice  to  stop  the  estrous  cycles  and  discovered  that 
the  vaginal  epithelium  would  undergo  replication  and  cornification  when 
pig  ovarian  extract  was  injected.  The  animal  model  in  the  mouse  (referred 
to  henceforth  as  the  “Allen— Doisy  test”)  would  be  the  essential  test  system  to 
discover  synthetic  estrogens  a  decade  later  during  the  1930s. 
p0085  The  story  of  the  discovery  of  potent  nonsteroidal  estrogens  is  remarkable 
(Jordan,  Mittal,  Gosden,  Koch,  &  Lieberman,  1985).  With  only  a  few  early 
clues  that  simple  synthetic  molecules  could  initiate  mouse  vaginal  cornifica¬ 
tion,  two  major  groups  of  potent  estrogenic  compounds  were  described 
in  the  1930s:  the  stilbenes  (Dodds,  1938;  Dodds,  Goldberg,  Lawson,  & 
Robinsox,  1938)  of  which  diethylstilbestrol  (Fig.  7.3)  would  become  a 
key  compound  and  used  clinically,  and  the  longer  acting  triphenylethylenes 
(Robson,  1937,  1938;  Rollon  &  Schonberg,  1942;  Thompson  &  Werner, 
1953).  These  two  classes  of  compounds  would  be  the  essential  tools  with 
which  to  change  breast  cancer  therapy  but  most  of  the  therapeutic  advances 
over  the  decades  between  1930  and  1980  would  be  almost  by  chance. 
Remarkably,  the  successful  translational  research  would  enhance  survival 
from  breast  cancer  and  significantly  improve  women’s  health.  Two  practical 
facts  emerged  during  this  period:  estrogens  support  mammary  and  breast 
tumorigenesis  and  growth  but  estrogen  was  used  routinely  to  treat  and  cause 
regression  of  some  metastatic  breast  cancers.  This  paradox  would  lie  dor¬ 
mant  until  rediscovery  during  the  past  decade. 
p0090  Lacassagne  (1936a,  1936b),  Shimkin  and  Wyman  (1945,  1946),  and 
Shimkin,  Wyman,  and  Andervont  (1946)  contributed  evidence  that  estro¬ 
gens  could  increase  mouse  mammary  tumorigenesis.  Lacassagne  (1936b) 
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Diethylstilbestrol 


Triphenylchlorethylene 


[3H]  Hexestrol 


6,7  [3H]  Estradiol 


too  15  Figure  7.3  Compounds  used  by  Haddow  as  the  first  "chemical  therapy  for  cancer"  (Haddow 
etal.,  1944)  andtritiated  DES  (hexestrol)  and  estradiol  used  in  the  first  studies  of  retention  of 
the  estrogen  in  target  tissues  (Glascock  &  Hoekstra,  1959;  Jensen  &  Jacobson,  1 962). 

went  one  step  further  at  the  Annual  Meeting  of  the  American  Association  of 
Cancer  Research  in  Boston  in  1936  by  stating  that 

If  one  accepts  the  consideration  of  adenocarcinoma  of  the  breast  as  the  conse¬ 
quence  of  a  special  i hereditary  sensibility  to  the  proliferative  actions  of  oestrone, 
one  is  led  to  imagine  a  therapeutic  preventative  for  subjects  predisposed  by  their 
heredity  to  this  cancer.  It  would  consist — perhaps  in  the  very  near  future  when 
the  knowledge  and  Use  of  hormones  will  be  better  understood — in  the  suitable 
use  of  a  hcM^h^intagonistic  or  excretory,  to  prevent  the  stagnation  of  oestrone 
in  the  c/qOs  of%e  breast. 

p0095  Unfortunately,  there  would  be  no  “therapeutic  antagonist”  to  use  clinically 
until  tamoxifen  started  its  journey  as  an  antiestrogen  for  the  treatment  of 
breast  cancer  (Jordan,  2003c,  2008b)  some  40  years  later! 
pOl  00  In  the  first  half  of  the  twentieth  century,  breast  cancer  treatment  was  severe 

and  unsuccessful.  Radical  mastectomy  was  the  standard  of  care,  radiation 
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therapy  was  advancing  from  an  art  to  a  science,  and  nonspecific  cytotoxic  che¬ 
motherapy  started  to  be  introduced  to  treat  cancer  in  general  after  the  end  of 
the  Second  World  War.  Prospects  for  the  patient  in  general  were  abysmal  and 
the  examination  of  the  state-of-the-art  breast  cancer  treatment  in  1977  (Stoll, 
1977b)  was  not  too  much  more  hopeful.  Nevertheless,  with  the  wisdom  of 
insight,  one  counterintuitive  observation  in  the  1940s  was  to  act  as  a  catalyst 
for  the  eventual  discovery  of  targeted  cancer  therapies.  Alexander  Haddow, 
conducting  laboratory  studies,  discovered  that  carcinogenic  polycyclic  hydro¬ 
carbons  actually  caused  tumor  regression  in  animals  but  clearly  one  could  not 
apply  this  “translational  therapy”  to  patient  care.  However,  he  reasoned  that 
the  polycyclic  synthetic  estrogens  had  a  similar  sort  of  structure  as  the  carcin¬ 
ogens  (scary  but  true!),  so  following  testing  in  the  laboratory  he  compared  and 
contrasted  high-dose  DES  and  triphenylethylenes  (Fig.  7.3)  as  treatments  for 
prostate  cancer,  breast  cancer,  and  “other  cancers.’ '  Prostate  cancer  responded 
as  did  metastatic  breast  cancer  (stage  IV)  (30%)  but  none  of  the  “other  cancers” 
responded  (Haddow  et  al.,  1944).  The  application  of  high-dose  estrogen  ther¬ 
apy  to  provide  palliative  treatment  for  some  postmenopausal  women  with 
metastatic  breast  cancer  was  the  first  chemical  therapy  to  treat  any  cancer  suc¬ 
cessfully.  This  approach  became  the  standard  of  medical  care  in  both  the 
United  Kingdom  and  the  United  States  of  America  (Kennedy,  1965b; 
Kennedy  &  Nathanson,  1953)  for  the  next  30  years  until  the  resurrection 
of  the  triphenylethylene-based  antiestrogen  tamoxifen  (Jordan,  2003c).  In 
1970,  Sir  Alexander  Haddow  FRS,  during  the  inaugural  Karnofsky 
(Haddow,  1970)  lecture  (the  highest  honor  bestowed  by  the  American  Soci¬ 
ety  for  Clinical  Oncology),  stated  his  concerns  for  the  future  of  specific  and 
effective  cancer  therapy. 

In  the  first  place,  the  fact  that  the  cancer  cell  is  but  a  modification  of  the  normal 
somatic  cell  holds  oumittle  prospect  of  a  chemotherapiaspecifica  in  Ehrlich's  sense, 
whereby  chemical  sy bstanms  which,  on  the  one  hand,  are  taken  up  by  certain 
parasites  and  are  abletto  kill  them,  are,  on  the  other  hand,  tolerated  well  by 
the  organism  any  rate  without  too  great  damage. 

(Haddow,  1970) 

p0l05  In  his  Karnofsky  lecture,  Haddow  also  mentioned  the  importance  of  the  few 
breast  tumors  that  just  melted  away  during  high-dose  estrogen  therapy. 
However,  he  stated, 

. .  .the  extraordinary  extent  of  tumour  regression  observed  in  perhaps  1%  of  post¬ 
menopausal  cases  (with  oestrogen)  has  always  been  regarded  as  of  major  theo¬ 
retical  importance,  and  it  is  a  matter  for  some  disappointment  that  so  much  of  the 
underlying  mechanisms  continues  to  elude  us  . . . 

(Haddow,  1970) 
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polio  It  is  also  important  to  stress  that,  at  the  time  of  Haddow’s  Karnofsky  lecture 
in  1970,  bacteria  were  routinely  grown  in  the  laboratory  for  testing  antibi¬ 
otic  sensitivity;  the  right  antibiotic  could  then  be  used  appropriately  to  treat 
the  right  disease.  No  such  tests  existed  for  cancer.  Practice  was  to  give  the 
drug  and  hope  it  might  work.  Therefore,  the  definition  of  the  anticancer 
mechanism  of  DES  in  some  breast  tumors  was  the  essential  first  step  to  deter¬ 
mine  which  tumors  will  respond  and  which  will  not.  What  is  the  target  for 
drug  sensitivity  or  in  Ehrlich’s  terms — the  receptor?  One  study  irfc*1949  by 
Walpole  and  Paterson  (1949)  declared  defeat  but  the  answer  to  the  question 
“why”  was  to  come  ultimately  from  DES  itself.  The  stilbene  can  be  hydro¬ 
genated  with  tritium  across  the  double  bond  to  produce  high-specific  activ¬ 
ity  [3H]  hexestrol  (Fig.  7.3).  Hexestrol  is  a  potent  fstrogen.  Glascock  and 
Hoekstra  (1959)  in  fact  showed  the  binding  of  [3H]  hexestrol  in  the  estrogen 
target  tissues  of  sheep  and  goats.  The  idea  was  subsequently  translated  to  a 
clinical  study  in  patients  with  metastatic  breast  cano^r*  Those  patients  whose 
breast  tumor  retained  [3H]  hexestrol  were  more  likely  to  respond  to  endo¬ 
crine  ablation  (Folca,  Glascock,  &  Irvine,  1961).  These  very  preliminary 
findings  were  refined  first  by  Jensen  and  Jacobson  (1962)  using  [3H]  estradiol 
(Fig.  7.3)  to  describe  the  binding  and  retention  of  estradiol  in  the  estrogen 
target  tissues  (uterus,  vagina,  pituitary  gland)  of  the  immature  rat.  Tritiated 
estradiol  was  bound  initially,  but  not  retained  in  tissues  (muscle,  lung)  that 
were  not  targets  of  estrogen  action.  Gorski’s  group  subsequently  extracted 
and  identified  the  soluble  ER  from  the  immature  rat  uterus  (Toft  &  Gorski, 
1966;  Toft,  Shyamala,  &  Gorski,  1967).  These  data  were  rapidly  translated  to 
identify  the  ER  in  breast  tumors  (Jordan,  Wolf,  Mirecki,  Whitford,  & 
Welshons,  1988)  and  there  was  a  spectrum  of  none  to  a  lot.  Gorski’s  group 
discovered  (Toft  et  al.,  1967)  that  the  extracted  ER  from  target  tissues  could 
subsequently  be  liganded  with  [3li]  estradiol  in  vitro ,  so  there  was  no  need  to 
inject  radioactive  estrogens  into  patients.  The  Jensen  group  went  on  to 
establish  sucrose  density  gradient  analysis  as  the  method  of  choice  to  identify 
the  breast  tumor  ER  in  the  United  States.  In  1974  (McGuire,  Carbone,  & 
Vollmer,  1975),  an  NCI  conference  to  consider  the  value  of  the  ER  assay  to 
predict  responsiveness  of  metastatic  breast  cancer  to  endocrine  ablation  or 
DES  concluded  that  the  absence  of  ER  in  a  breast  tumor  predicted  that 
the  tumor  would  not  respond  to  endocrine  ablation  or  DES.  If  ER  was  pre¬ 
sent,  there  was  about  a  60%  probability  of  an  objective  response.  Thus, 
patients  with  ER-negative  tumors  should  not  be  treated  with  endocrine 
ablation  surgery;  it  would  be  worthless.  At  that  time,  in  the  mid-1970s, 
medical  practice  changed  in  America  with  a  requirement  that  all  patients 
with  a  diagnosis  of  breast  cancer  should  have  an  ER  assay  on  their  tumor 
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tissue.  By  the  end  of  the  1970s,  ER  assay  laboratories  were  springing  up  at 
most  academic  institutions  (V.C.J.  was  involved  in  establishing  one  at  the 
Worchester  Foundation  for  Experimental  Biology,  Massachusetts  in  the 
early  1970s  and  was  director  of  the  steroid  receptor  laboratory  at  the  Ludwig 
Unit  in  Bern,  Switzerland  (1979),  organizing  international  quality  control 
for  the  Ludwig  clinical  trials  group,  and  the  steroid  receptor  laboratory  at 
the  University  of  Wisconsin  Clinical  Cancer  Center  in  the  1980s). 
poi  1 5  It  should  again  be  stressed  that  during  the  1 960s  and  1 97 0s  the  therapeutics 
of  breast  cancer  was  primitive.  Only  metastatic  disease  (stage  IV)  was  addressed 
with  therapy  and  this  stage  is  fatal  within  a  few  years  (Fig.  7.2).  But  the  ther¬ 
apeutic  options  slowly  evolved  and  this  story  again  has  its  origins  in  the  interest 
in  synthetic  estrogens.  The  synthetic  estrogens  stilbenes  or  triphenylethylenes 
used  by  Haddow  in  the  1940s  (Haddow  et  al.,  1944)  (Fig.  7.3)  were  synthe¬ 
sized  by  Imperial  Chemical  Industries  (I Cl)  Ltd.  (now  Astra  Zeneca)  but  they 
were  not  alone  in  their  interest  in  estrogens.  Numerous  pharmaceutical  com¬ 
panies  during  the  1950s  were  interested  in  synthetic  estrogens  primarily 
because  of  the  revolution  in  therapeutics  that  occurred  with  the  development 
of  the  oral  contraceptive  that  emanated  from  the  vision  of  Gregory  Pincus  at 
the  Worcester  Foundation  (Speroff,  2009).  His  chemical  method  stopped 
ovulation  in  the  woman.  No  egg — no  baby.  It  was  reasoned  by  chemists 
in  the  pharmaceutical  industry  that  if  only  another  novel  chemical  method 
of  contraception  could  be  discovered,  then  the  use  of  chemicals  to  prevent 
pregnancy,  which  was  not  a  diseas^,  could  be  expanded. 
p0l20  Leonard  Lerner,  a  young  scientist  in  the  pharmaceutical  industry  in  the 
1950s,  would  take  the  next  conceptual  advance  in  reproduction  research;  that 
step  would  fail,  but  open  the  door  for  others  to  create  the  first  targeted  therapy 
for  any  cancer,  the  first  endocrine  therapy  to  save  hundreds  of  thousands  of 
women’s  lives,  and  the  first  chemical  therapy  approved  to  reduce  the  incidence 
of  breast  cancer  in  women  of  high  risk  for  the  disease.  This  did  not  occur 
because  there  was  a  specific  plan  by  the  pharmaceutical  industry.  The  advance 
with  tamoxifen  would  come  from  ICI  Pharmaceuticals  Division  where  their 
fertility  control  program  would  discover  and  then  abandon  ICI  46,474  to  be 
resurrected  and  advanced  by  individuals  with  close  friendships  and  who  were 
in  the  right  place  at  the  right  time  and  ready  to  exploit  a  unique  opportunity. 


soo3o  3.3.  Nonsteroidal  antiestrogens 

p0i25  Leonard  Lerner  was  tasked  within  the  William  S.  Merrell  Company 
to  study  nonsteroidal  estrogens.  At  the  time,  the  company  marketed 
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trianisylchlorethylene  (TACE)  (Fig.  7.4),  but  Lerner  noticed  a  compound  in 
the  cardiovascular  program  was  similar  in  structure — MER25  (Fig.  7.4) 
(Lerner,  1981).  He  tested  the  triphenylethanol  and  could  detect  no  estro¬ 
genic  activity  in  any  species  tested  but  it  was  a  weak  blocker  of  estrogen 
action  (Lerner,  Holthaus,  &  Thompson,  1958).  However,  what  electrified 
the  pharmaceutical  industry  was  that  MER25  and  its  successor  clomiphene 
(Fig.  7.4)  were  postcoital  antifertility  agents  in  rats.  Unfortunately,  in  clinical 
trial,  the  nonsteroidal  antiestrogens  were  effective  in  inducing  ovulation  in 
subfertile  women,  so  hopes  of  making  a  blockbuster  drug  disappeared. 
Clomiphene  was  tested  as  a  breast  cancer  drug  in  metastatic  disease 
(Hecker  et  al.,  1974),  as  was  nafoxidine  (Legha,  Slavik,  &  Carter,  1976), 
but  development  was  abandoned  because  of  concerns  about  toxic  side  effects 
(Fig.  7.4).  No  one  was  recommending  careers  in  failed  antifertility  drugs  or 
cancer  therapy.  Arthur  Walpole  was  the  head  of  the  Fertility  Control  Pro¬ 
gram  at  I  Cl  Pharmaceuticals  Division  in  Alderley  Park,  Cheshire.  He  was 
interested  in  cancer  research  but  was  tasked  to  improve  the  toxicology  pro¬ 
file  of  clomiphene  that  increased  circulating  desmosterol.  Desmosterol  was 

r 


Clomiphene  (mixture  of  c/s¬ 
and  frans-isomers) 


f0020  Figure  7.4  Structures  of  nonsteroidal  estrogens  and  antiestrogens  mentioned  in 
the  text. 
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associated  with  cataract  formation  in  women  (Laughlin  &  Carey,  1962).  The 
result  of  the  antifertility  program  at  Alderley  Park  in  the  1960s  was  ICI 
46,474,  the  trans- isomer  of  a  substituted  triphenylethylene  (Fig.  7.5)  that 
was  antiestrogenic  with  postcoital  antifertility  properties  in  the  rat 
(Harper  &  Walpole,  1967a,  1967b).  The  patent  application  read, 

The  alkene  derivatives  of  the  invention  are  useful  for  the  modification  ojfthe  endo¬ 
crine  status  in  man  and  animals  and  they  may  be  useful  for  the  cghtro!  of 
hormone-dependent  tumours  or  for  the  management  of  the  sexual  cyek^fU  aber¬ 
rations  thereof  They  also  have  useful  hypocholesterolaemic  activity  ( Jordan , 
2003c). 

p0l30  Preliminary  clinical  studies  demonstrated  modest  anticancer  activity  in  met¬ 
astatic  breast  cancer  in  postmenopausal  women  (Cole,  Jones,  &  Todd,  1971) 
and  the  induction  of  ovulation  in  subfertile  women  (Klopper  &  Hall,  1971). 
However,  after  a  review  of  all  the  data  at  Alderley  Park  in  1972,  the 
Research  Director  decided  to  terminate  clinical  development — there  was 
no  financial  future  in  ICI  46,474  (Jordan,  2006).  However,  Walpole  rea¬ 
soned  that  the  company  should  put  ICI  46,474  on  the  market  as  an  orphan 
drug  for  the  treatment  of  metastatic  breast  cancer  and  the  induction  of  ovu¬ 
lation  for  subfertile  women  and  “outsource”  work  to  discover  a  strategy  for 
the  clinical  use  of  tamoxifen.  Walpole  had  recently  met  and  examined  the 
Ph.D.  thesis  of  a  young  graduate  student,  Craig  Jordan,  in  the  Department  of 
Pharmacology  at  the  University  of  Leeds.  Jordan  was  now  spending  2  years 
as  a  visiting  scientist  as  the  Worcester  foundation.  Why  not  sponsor  his 
research  with  an  unrestricted  grant?  Let  Jordan  develop  a  clinical  strategy 
for  a  nonsteroidal  antiestrogen  for  the  treatment  of  breast  cancer. 


O 


HO 


Tamoxifen 
(ICI  46,474  a  failed 
“morning  after  pill”) 


Raloxifene 

(formerly  keoxifene  a 
failed  breast  cancer  drug) 


f0025  Figure  7.5  Structures  of  tamoxifen  and  raloxifene. 
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Scholarships  were  made  available  for  Jordan  students,  technician’s  salaries 
were  provided,  and  hundreds  of  laboratory  rats  were  chauffeured  from 
Alderley  Park  to  the  University  of  Leeds.  This  personal  story  has  recently 
been  told  elsewhere  (Poirot,  2011),  but  it  is  time  now  to  focus  on  the 
pioneering  medicine  tamoxifen  and  how  it  not  only  changed  breast  cancer 
therapy  but  also  acted  as  the  catalyst  to  create  new  knowledge  about 
the  pharmacology  of  nonsteroidal  antiestrogens  that  sequentially  led  to 
selective  ER  modulators,  chemoprevention,  the  science  of  acquired  drug 
resistance  to  antihormone  therapy,  and  the  new  biology  of  estrogen-induced 
apoptosis. 


S0035  >>  4.  TRANSITION  TO  TAMOXIFEN 

p0i35  ^  Tamoxifen  is  unique  in  the  annals  of  cancer  therapeutics.  While  it  is 
the  first  targeted  therapy  to  treat  cancer  (a  nonsteroidal  antiestrogen  targeted 
to  the  ER  to  stop  estrogen-stimulated  growth),  the  selective  toxicity  of 
tamoxifen  was  lucky.  There  are  ERs  all  around  the  postmenopausal 
women’s  body,  but  as  it  turned  out,  thesis  ERs  do  not  appear  to  play  a  sig¬ 
nificant  role  in  physiological  homeostasis.  Indeed,  it  was  lucky  that  tamox¬ 
ifen  was  also  an  antitumor  agent  in  the  premenopausal  women  without 
significant  actions  on  normal  physiology.  Tamoxifen  is  approved  by  the 
FDA  for  the  treatment  of  all  stages  of  breast  cancer,  DCIS,  male  breast  can¬ 
cer,  and  for  the  reduction  of  breast  cancer  risk  in  both  high-risk  pre-  and 
postmenopausal  women.  Ncy  other  cancer  therapy  has  such  a  spectrum  of 
approved  applications.  At  the  outset  of  the  translational  research  studies  in 
the  early  years  of  the  1970s,  it  could  not  have  been  anticipated  that  a  palli¬ 
ative  medicine,  FDA  approved  in  December  1977  for  the  short-term  (1-2 
years)  disease  control  of  one  in  three  postmenopausal  patients  with  meta¬ 
static  breast  cancer,  could  so  dramatically  change  the  prognosis  and  survivor¬ 
ship  for  millions  of  women  with  ER-positive  early  breast  cancer.  During  the 
1970s,  a  laboratory  strategy  was  put  in  place  that  would  ultimately  revolu¬ 
tionize  thinking  about  the  approach  to  treating  breast  cancer  by  targeting  the 
tumor,  killing  the  cancer  cells  not  the  patient,  and  treating  earlier  stages  of 
the  disease  or  even  women  only  at  risk  for  developing  breast  cancer  (Jordan, 
2008b).  In  the  1970s,  the  new  fashion  in  therapeutics  was  combination  cyto¬ 
toxic  chemotherapy  that  declared  victory  in  childhood  leukemia  and  was  in 
the  process  of  mopping  up  Hodgkin’s  disease  (Stoll,  1977a).  Justifiably,  cyto¬ 
toxic  chemotherapy  was  king  and  only  the  appropriate  acronym  of  drugs  had 
now  to  be  discovered  to  cure  breast  cancer.  By  contrast,  no  one  in  the 
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pharmaceutical  industry  or  clinical  oncology  was  advocating  a  massive  effort 
in  endocrine  therapy — or  in  fact  any  effort.  Few  cared. 

p0l40  The  three  publications  that  presaged  the  future  clinical  promise  of 
tamoxifen  as  a  pioneering  medicine  were  all  published  in  the  European  Jour¬ 
nal  of  Cancer  (Jordan,  2008b).  The  idea  that  tamoxifen  blocked  estrogen- 
stimulated  breast  cancer  growth  through  blocking  estradiol  binding  to  the 
ER  was  controversial  but  was  demonstrated  both  biochemically 
(Jordan  &  Koerner,  1975)  and  in  cell  culture  (Lippman  &  Bolan,  1975). 
However,  although  these  data  were  embraced  in  the  United  States,  the  same 
was  not  true  for  the  United  Kingdom  where  no  clear  clinical  correlations 
between  ER  and  tumor  response  could  be  demonstrated  in  clinical  trial 
for  the  next  15  years  (NATO,  1983;  SCTO,  198^.  Conceptually,  this 
was  important  because  the  Europeans  tended  toward  palliative  applications 
with  endocrine  therapy,  whereas  in  the  United  Stated  the  goal  was  cure  with 
combination  cytotoxic  chemotherapy.  Simply  stated,  nobody  cared  about 
the  mechanism  of  tamoxifen  action  but  the  good  news  was  that  in  the 
United  Kingdom  everyone  with  breast  cancer  was  to  receive  tamoxifen. 
This  inadvertent  policy  was  perhaps  the  correct  decision  for  the  wrong  rea¬ 
son  that  ensured  survivorship  for  tens  of  thousands  of  women  in  the  United 
Kingdom. 

p0i45  The  second  conceptual  advance  was  the  finding  that  two  sustained 
release  subcutaneous  injections  of  tamoxifen  at  the  same  time — as  oral 
administration  of  dimethylbenzanthracene  (DMBA)  to  50-day-old  female 
Sprague— Da  wley  rats,  would  prevent  the  initiation  and  growth  of  mammary 
carcinogenesis  (Jordan,  1976).  This  observation  was  expanded  (Jordan, 
Allen,  &  Dix,  1980;  Jordan,  Naylor,  Dix,  &  Prestwich,  1980)  and  subse¬ 
quently  used  as  important  laboratory  evidence  by  Dr.  Trevor  Powles  to 
explore  the  potential  of  tamoxifen  to  be  use  in  the  chemoprevention  of 
breast  cancer  in  high-risk  women  (Powles  et  al.,  1989).  The  new  dimension 
of  the  chemoprevention  of  breast  cancer  arrived  in  1998  with  the  FDA 
approval  of  the  pioneer  tamoxifen  for  reducing  the  incidence  of  breast  can¬ 
cer  in  pre-  and  postmenopausal  women  at  high  risk  (Fisher  et  al.,  1998; 
Powles  et  al.,  1998;  Veronesi  et  al.,  1998). 

p0l50  The  third  paper  and  advance  that  translated  to  clinical  trial  ultimately 
extended  the  survivorship  of  perhaps  millions  of  women  receiving  long¬ 
term  adjuvant  tamoxifen  therapy  to  prevent  the  recurrence  of  ER- 
positive  breast  cancer  in  patients  with  node-positive  or  node-negative 
breast  cancer  (stages  I  and  II).  In  the  early  1970s,  the  dilemma  was  when 
to  use  combination  cytotoxic  chemotherapy  in  the  treatment  plan  for 
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breast  cancer.  There  was  great  enthusiasm  that  the  use  of  combination 
cytotoxic  chemotherapy  would  eventually  lead  to  the  cure  of  breast  cancer. 
Very  good  results  had  been  noted  during  the  late  1960s  (Cooper,  1969)  and 
now  a  new  strategy  was  considered:  adjuvant  therapy  to  destroy  micro¬ 
metastatic  disease  that  had  spread  systemically  after  the  woman  had  a  mas¬ 
tectomy  and  local  radiation.  The  strategy  seemed  sound  that  combination 
cytotoxic  would  cure  patients  with  a  low  tumor  burden.  Regrettably,  early 
results  were  modest  (Bonadonna  et  al.,  1976;  Fisher  et  al.,  1975)  with  the 
best  effect  noted  in  premenopausal  patients.  However,  subsequent  work 
demonstrated  that  cytotoxic  chemotherapy  destroys  the  ovary  so  the  treat¬ 
ment  could  reasonably  be  interpreted  as  an  aggressive  ovarian  ablation 
(Jordan,  1991).  With  the  slow  development  of  the  antiestrogen  tamoxifen 
during  the  1970s,  attentions  started  to  focus  not  on  the  palliative  use  of 
tamoxifen  for  metastatic  breast  cancer  but  on  th^dea  that  tamoxifen  might 
have  potential  as  an  adjuvant  therapy.  In  the  laboratory,  the  DMBA  rat 
mammary  carcinoma  model  was  considered  to  be  “state  of  the  art”  for 
the  study  of  the  endocrine  treatment  of  breast  cancer.  Huggins,  Grand, 
and  Brillantes  (1961)  first  showed  that  a  single  oral  administration  of 
20  mg  DMBA  to  50-day-old  female  Sprague— Dawley  rats  would  produce 
multiple  mammary  carcinomas  in  all  rats  within  150  days  after  DMBA 
treatment.  The  development  of  tumors  was  endocrine  dependent; 
the  tumors  contained  ER  and  regressed  in  response  to  ovariectomy 
(Welsch,  1985).  In  the  absence  of  any  other  experimental  options  to  [auT 
explore  adjuvant  therapy  with  tamoxifen,  different  durations  of  tamoxifen 
(or  its  potent  metabolite  4-hydroxytamoxifen  discovered  around  this 
time(Jordan,  Collins,  RgWsby,  Prestwich,  1977;  Jordan,  Dix,  Naylor, 
Prestwich,  &  Rowsby,  1978)  as  tamoxifen  actions  was  the  sum  of  its 
antiestrogenic  metabolites)  to  determine  if  a  short  course  of  the  anti¬ 
estrogen  for  a  month  (equivalent  to  a  year  in  women  as  adjuvant  therapy) 
would  be  cidal  (Lippman  &  Bolan,  1975)  or  whether  longer  durations 
would  be  necessary  to  prevent  tumor  development.  The  idea  was  to 
destroy  the  early  transformed  cells,  not  unlike  adjuvant  therapy.  The  pro¬ 
found  conclusion  was  that  longer  adjuvant  therapy  was  going  to  be  a  better 
clinical  strategy  (Jordan,  1978;  Jordan  &  Allen,  1980;  Jordan,  Allen,  et  al., 
1980;  Jordan,  Dix,  &  Allen,  1979).  The  laboratory  studies  also  derived 
another  conclusion  that  was  to  have  ramifications  for  the  later  use  of  polar 
nonsteroidal  antiestrogen  for  the  treatment  of  breast  cancer.  Tamoxifen 
was  metabolically  activated  to  4-hydroxytamoxifen  (Jordan  et  al.,  1977, 
1978).  This  was  not  a  requirement  for  antiestrogenic  activity  but  an 
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advantage  (Jordan  &  Allen,  1980).  Polar  nonsteroidal  antiestrogens  may  be 
better  at  blocking  estrogen  actions  at  the  ER  but  they  had  poor  bioavail¬ 
ability  and  were  rapidly  excreted  (Jordan  &  Allen,  1980).  The  subsequent 
idea  that  tamoxifen  needed  to  be  metabolically  activated  by  hydroxylation 
of  the  primary  metabolite  N-desmethyltamoxifen  to  endoxifen  was  to  pre¬ 
occupy  pharmacogenomics  research  on  tamoxifen  during  the  past  decade 
with  arguments  both  for  and  against  the  critical  role  of  different  CYP2D6 
genotypes  (Brauch  et  al.,  2013;  Dieudonne  et  al.,  2009;  Kiyotani  et  al., 
2010;  Lammers  et  al.,  2010;  Lash  et  al.,  2011;  Madlensky  et  al.,  2011; 
Rae  et  al.,  2012;  Regan  et  al.,  2012;  Schroth  et  al.,  2009).  Simply  stated, 
if  CYP2D6  was  aberrant  then  there  is  low  metabolism  to  endoxifen  and  a 
lower  probability  of  a  response  of  the  patients  tumor  to  tamoxifen.  Be 
that  as  it  may,  the  fundamental  issue  in  the  1970s  was  to  select  an  appro¬ 
priate  duration  of  adjuvant  tamoxifen  therapy  to  test  in  breast  cancer  clin¬ 
ical  trials. 

p0i55  The  clinical  community  selected  a  1-year  course  of  adjuvant  tamoxifen 
therapy  in  all  early  clinical  trials  (LBCSG,  1984;  Rose  et  al.,  1985).  This  was 
an  obvious  choice  based  on  the  limited  effectiveness  of  tamoxifen  to  treat 
metastatic  breast  cancer.  Tamoxifen  is  only  effective  for  about  1  year 
(Ingle  et  al.,  1981)  so  there  was  an  understandable  concern  that  longer  adju¬ 
vant  tamoxifen  therapy  would  precipitate  early  drug  resistance  and  recurrent 
disease  that  would  now  be  fatal.  But  the  studies  with  the  DMBA  rat  mam¬ 
mary  carcinoma  model  did  not  comply  with  clinical  “predictions”  based  on 
the  treatment  of  metastatic  breast  cancer.  Short-term  therapy  (1  month 
equivalent  to  a  year  in  a  patient)  was  unable  to  control  tumorigenesis  in 
the  rat  but  continuous  therapy  for  six  months  (6  years  in  a  patient)  was 
90%  effective  in  controlling  tumorigenesis  (Jordan,  Allen,  et  al.,  1980). 
The  DMBA  rat  model  was  to  be  proved  to  predict  accurately  subsequent 
clinical  trials  data.  Five  years  of  adjuvant  tamoxifen  therapy  became  the  stan¬ 
dard  of  care  for  the  treatment  of  breast  cancer  for  20  years  and  remains  so  for 
the  premenopausal  patient. 

p0i60  There  are  several  notable  features  of  adjuvant  tamoxifen  therapy  that  were 
exposed  during  clinical  trials  and  these  data  were  enhanced  and  amplified  by 
the  regular  review  of  ongoing  adjuvant  clinical  trials  through  the  Oxford 
Overview  Analysis  process.  The  survival  advantage  for  these  women  taking 
long-term  tamoxifen  therapy  is  profound,  whereas  short  term  (1  year  of  treat¬ 
ment)  is  not  of  significance  in  premenopausal  patients  (Davies  et  al.,  2011; 
EBCTCG,  1998,  2005).  Most  importantly,  and  we  will  examine  this  clinical 
observation  in  more  detail  during  the  discussions  of  acquired  tamoxifen 
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resistance,  is  the  sustained  and  decrease  mortality  noted  after  5  years  of  adjuvant 
tamoxifen.  This  was  a  surprising  observation  that  now  has  a  plausible  scientific 
explanation.  The  science  will  be  considered  in  Section  7. 
p0i65  The  next  step  in  the  tamoxifen  tale  was  the  evaluation  of  its  worth  to 
prevent  breast  cancer  in  high-risk  women.  The  evidence  to  support  this 
decision  to  test  the  hypothesis  in  clinical  trial  was  solid.  The  expanding  data¬ 
base  on  tamoxifen  as  the  endocrine  adjuvant  therapy  of  choice  during  1980s 
and  1990s  was  reassuring  for  clinicians.  Most  important  in  this  regard  was  the 
use  of  adjuvant  tamoxifen  therapy  for  the  treatment  of  node-negative  breast 
cancer  because  80%  of  patients  are  cured  by  surgery  and  local  radiotherapy, 
which  meant  that  an  increasing  proportion  of  “cured”  patients  were  already 
being  treated  with  5  years  of  adjuvant  therapy  (Fisher  et  al.,  1989;  SCTO, 
1987).  The  fact  that  adjuvant  tamoxifen  reduced  con^ilateral  breast  cancer 
(primary  breast  cancer)  by  50%  (Cuzick  &  Baum;  1985)  was  proof  of  prin¬ 
ciple  primary  presentation  would  be  successful  and  the  earlier  knowledge 
that  tamoxifen  prevented  mammary  tumorigenesis  in  rodents  (Jordan, 
1976)  enhanced  the  opportunities  for  the  clinical  trials  community. 
p0i70  Overall,  the  placebo-controlled  clinical  trials  of  chemoprevention  dem¬ 
onstrated  a  significant  decrease  in  the  incidence  of  breast  cancer  following 
tamoxifen  therapy  that  was  sustained  even  when  the  drug  treatment  was  ter¬ 
minated  (Cuzick,  Forbes,  &  Howell,  2006;  Fisher  et  ah,  2005, 1998;  Powles, 
Ashley,  Tidy,  Smith,  &  Dowsett,  2007) .  However,  the  strategy  was  flawed  as  ifil 
only  a  few  women  (2—5  per  thousand  per  year)  has  their  breast  cancer 
prevented  but  hundreds  of  women  per  thousand  would  experience  signif¬ 
icant  side  effects  such  as  menopausal  symptoms  and  there  would  be  an 
increased  risk  of  deep  vein  thrombosis  in  postmenopausal  women.  Perhaps 
more  serious  was  the  finding  in  the  laboratory  that  tamoxifen  increased  the 
growth  of  human  endometrial  cancer  implanted  in  athymic  mice  but  did 
block  estrogen-stimulated  growth  of  breast  cancer  completely  in  the  same 
athymic  mouse  (Gottardis,  Robinson,  Satyaswaroop,  &  Jordan,  1988). 
These  observations  moved  rapidly  from  the  laboratory  to  clinical  care  within 
3  years  once  the  laboratory  findings  were  confirmed  in  a  placebo-controlled 
clinical  trial  (Fornander  et  ah,  1989).  Clinical  findings  demonstrated  a  three- 
to  fivefold  increase  in  the  risk  of  developing  endometrial  cancer  in  postmen¬ 
opausal  women  who  now,  as  a  treatment  population,  would  have  regular 
gynecological  examinations  when  using  tamoxifen.  Although  endometrial 
cancer  was  not  significant  for  the  treatment  of  breast  cancer  as  the  decreases 
in  mortality  were  profound  (EBCTCG,  2005),  for  the  well  women,  this  was 
a  troubling  side  effect.  It  was  said  “one  cancer  was  being  substituted  for 
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another.”  In  the  prevention  setting,  this  and  the  emerging  new  laboratory 
knowledge  during  the  early  1990s  that  tamoxifen  was  a  hepatocarcinogen 
in  rats  (Greaves,  Goonetilleke,  Nunn,  Topham,  &  Orton,  1993;  Hard 
et  ah,  1993)  (this  laboratory  observation  has  never  translated  to  patient 
populations — fortunately)  mandated  that  a  profoundly  different  strategy 
was  essential,  if  chemoprevention  was  ever  to  be  accepted  as  a  reality  in  clin¬ 
ical  practice. 


S0040  >  >  5.  SELECTIVE  ESTROGEN  RECEPTOR  MODULATION 

p0l75  ^  Up  until  the  mid-1970s,  the  nonsteroidal  antiestrogens  were  initially 
potential  and  then  failed  postcoital  contraceptives.  The  antiestrogens  became 
agents  of  interest  to  be  exploited  in  gynecology.  Both  clomiphene  and  tamox¬ 
ifen  were  successful  for  the  induction  of  ovulation  in  subfertile  women. 
A  review  by  Lunan  and  Klopper  (1975)  focuses  almost  entirely  on  the  poten¬ 
tial  applications  in  gynecology  and  there  is  only  passing  references  to  breast 
cancer  treatment.  By  the  mid-1980s,  with  tamoxifen  FDA  approved  in 
December  1977  and  adjuvant  clinical  trials  well  underway  it  was  now  time 
to  consolidate  all  the  information  about  the  nonsteroidal  antiestrogens  as  phar¬ 
macological  agents  (Jordan,  1984),  so  that  further  effective  translational 
research  could  help  patients.  It  was  time  also  to  review  all  that  was  known 
about  tamoxifen  (Furr  &  Jordan,  1984).  After  all,  tamoxifen  was,  and  is, 
the  only  nonsteroidal  antiestrogen  to  be  approved  for  the  therapeutics  of  all 
stages  of  breast  cancer  and  chemoprevention.  It  is,  however,  of  interest  to 
mention  that  tamoxifen  had  not  been  granted  patent  protection  in  the  United 
States  because  of  the  perceived  primacy  of  the  earlier  Merrel  patents  in  the 
1960s  (Jordan,  2003c).  That  all  changed  in  1986  almost  exactly  at  the  time 
that  long-term  adjuvant  tamoxifen  therapy  was  the  treatment  strategy  of 
choice  for  patients  with  ER-positive  breast  cancer  (Consensus  conference, 
Adjuvant  chemotherapy  for  breast  cancer,  1985).  But  it  was  the  move  toward 
using  tamoxifen  to  prevent  breast  cancer  in  high-risk  populations  of  women 
that  now  became  the  driving  force  behind  understanding  the  “good,  bad,  and 
the  ugly”  of  tamoxifen  pharmacology.  A  surprise  was  in  store. 

pOi  80  It  was  reasoned  at  the  time  that,  if  estrogen  was  important  to  maintain  bone 

density,  then  a  nonsteroidal  antiestrogen  may  prevent  breast  cancer  in  the  few 
but  create  osteoporosis  in  the  majority.  The  same  argument  was  articulated 
about  coronary  heart  disease  and  atherosclerosis,  but  it  was  already  known 
in  tamoxifen’s  patent  (earlier  described  in  Section  3.3)  that  circulating  choles¬ 
terol  was  lowered  by  the  drug  (Harper  &  Walpole,  1967b). 
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p0i85  The  question  of  bone  loss  with  nonsteroidal  antiestrogen  was  addressed 
in  the  ovariectomized  and  intact  rat  using  tamoxifen  and  the  failed  breast 
cancer  drug  keoxifene  (Fig.  7.5),  also  a  nonsteroidal  antiestrogen  (Black, 
Jones,  &  Falcone,  1983).  Both  nonsteroidal  antiestrogens  actually  prevented 
bone  loss  from  ovariectomy  and  a  combination  with  estrogen  further 
improved  bone  density  (Jordan,  Phelps,  &  Lindgren,  1987).  These  break¬ 
through  data  were  confirmed  (Turner,  Evans,  &  Wakley,  1993;  Turner, 
Wakley,  Hannon,  &  Bell,  1987,  1988;  Turner  et  al.,  1998),  but  initially, 
these  data  in  the  refereed  literature  were  ignored  by  the  pharmaceutical 
industry.  They  did,  however,  act  as  preliminary  data  to  initiate  a  prospective 
placebo-controlled  clinical  trial  with  tamoxifen  in  postmenopausal  breast 
cancer  patients  with  node-negative  breast  cancer.  This  trial  was  initiated 
at  a  time  when  node-negative  breast  cancer  patients  did  not  receive  adjuvant 
therapy  as  a  standard  of  care.  The  Wisconsin  Tamoxifen  Study  demonstrated 
that  tamoxifen  lowered  low-density  lipoprotein  (bad)  cholesterol,  did  not 
substantially  reduce  high-density  lipoprotein  (good)  cholesterol  (Love 
et  al.,  1990,  1991),  and  improved  bone  density  measured  by  dual  photon 
absorptiometry  (Love  et  al.,  1992). Thus,  not  only  did  the  animal  studies 
unexpectedly  translate  to  potential  clinical  benefit  but  also  a  new  concept 
and  vision  was  about  to  change  medicine. 
p0i90  The  laboratory  studies  with  keoxifene  and  tamoxifen  on  bone  density 
showed  estrogen-like  actions,  but  parallel  studies  at  the  same  time  demon¬ 
strated  that  tamoxifen  and  keoxifene  could  prevent  rat  mammary  carcino¬ 
genesis  (Gottardis  &  Jordan,  1987),  an  antiestrogenic  effect.  Thus,  this  class 
of  compounds  including  clomiphene  (Fig.  7.4),  which  was  mixed  isomers 
that  are  estrogenic  or  antiestrogenic  (Beall  et  al.,  1985),  had  all  shown  a  sim¬ 
ilar  effect  on  bone  in  the  ratySo  the  potential  new  drug  group  had  the  poten¬ 
tial  to  turn  on  and  turn  offsites  around  the  body.  At  this  time,  it  was  already 
known  that  tamoxifen  was  more  estrogenic  in  the  rodent  uterus  (Harper  & 
Walpole,  1967b)  and  human  endometrial  cancer  would  grow  with  tamox¬ 
ifen  (Gottardis  dt>al.,  1988)  so  this  again  illustrated  the  target  site  specific 
actions.  The  complex  of  the  “antiestrogen”  with  the  ER  was  being  inter¬ 
preted  differently  art  different  sites  around  the  body  (Jordan  &  Robinson, 
1987).  The  endometrial  cancer  issue  clearly  was  a  “bad”  for  tamoxifen 
but  others  in  the  class,  like  keoxifene,  were  less  estrogen  like  in  the  uterus 
(Black  et  al.,  1983),  less  likely  to  stimulate  endometrial  cancer  in  patients 
(Gottardis,  Ricchio,  Satyaswaroop,  &  Jordan,  1990),  and  were  already 
known  to  maintain  or  build  bone  (Jordan  et  al.,  1987).  A  road  map  for 
industry  was  proposed  and  simply  stated  (Lerner  &  Jordan,  1990): 
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Is  this  the  end  of  the  possible  applications  for  antiestrogens ?  Certainly  not.  We  have 
obtained  valuable  clinical  information  about  this  group  of  drugs  that  can  be 
applied  in  other  disease  states.  Research  does  not  travel  in  straight  lines  and  obser¬ 
vations  in  one  field  of  science  often  become  major  discoveries  in  another.  Impor¬ 
tant  clues  have  been  garnered  about  the  effects  of  tamoxifen  on  bone  and  lipids  so 
it  is  possible  that  derivatives  could  find  targeted  applications  to  retard  osteoporosis 
or  atherosclerosis.  The  ubiquitous  application  of  novel  compounds  to  pizvent  dis¬ 
eases  associated  with  the  progressive  changes  after  menopause  may ;  os  a  side 
effect  significantly  retard  the  development  of  breast  cancer.  The  target  population 
would  be  postmenopausal  women  in  general ,  thereby  avoiding  thefequirement  to 
select  a  high  risk  group  to  prevent  breast  cancer. 

p0i95  In  1993,  keoxifene  was  renamed  raloxifene  (Fig.  7.5)  with  patent  protection 
to  treat  and  prevent  osteoporosis  in  postmenopausal  women.  The  pivotal 
registration  trial  call  Multiple  Outcomes  Relative  to  Evista  was  to  demon¬ 
strate  that  raloxifene  simultaneously  could  prevent  fractures  of  the  lumbar 
spine  by  about  50%  (Ettinger  et  al.,  1999)  and  reduce  the  incidence  of 
ER-positive  breast  cancer  by  about  80%  Cummings  et  al.,  1999)  with 
no  increase  in  endometrial  cancer.  Raloxifene  became  the  first  multi¬ 
functional  medicine  in  women  health  because  of  the  positive  results  of 
the  Study  of  Tamoxifen  and  Raloxifene  (Vogel  et  al.,  2006)  where  both 
drugs,  now  called  selective  ER  modulators  or  SERM,  reduced  breast  cancer 
incidence  in  high-risk  postmenopausal  women  by  50%.  Two  diseases,  oste¬ 
oporosis  and  breast  cancer,  were  controlled  by  one  drug.  However,  it  was 
later  shown  (Vogel  et  al.,  2010)  that  a  5-year  course  of  raloxifene  is  not  suf¬ 
ficient  to  maintain  long-term  benefit  for  the  prevention  of  breast  cancer-like 
tamoxifen.  Raloxifene  is  approved  by  the  FDA  for  indefinite  administration 
for  the  prevention  and  treatment  of  osteoporosis,  and  breast  cancer  reduc¬ 
tion  is  sustained  during  extended  treatment  (Martino  et  al. ,  2004) .  Again,  the 
unanticipated  merits  of  tamoxifen  to  sustain  antitumor  actions  in  chemopre- 
vention  (Powles  et  al.,  2007)  would  raise  the  question  why?  A  plausible 
answer  would  occur  through  serendipity  and  the  examination  of  acquired 
drug  resistance  to  SERMs  in  the  laboratory. 


S0045  /  /  6.  ACQUIRED  DRUG  RESISTANCE  AND  THE  SURPRISE 
\/  OF  SERMS 

p0200  During  the  1970s,  the  concept  of  acquired  resistance  to  antihormone 

therapy  was  simple.  Breast  tumors  were  considered  to  be  a  mixture  of  cells: 
some  were  ER  negative  and  some  ER  positive.  The  concentration  of  ER  in 
a  tumor  was  therefore  an  average  of  total  tumor  ER  per  unit  protein,  for 
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example,  150  fm  ER  per  mg  tumor  protein.  This  was  measured  by 
extracting  the  unoccupied  tumor  ER,  and  following  some  competitive 
binding  assay  with  tritiated  estradiol  plus/ minus  a  massive  excess  of  non¬ 
radioactive  ligand,  which  was  either  an  estrogen  or  an  antiestrogen 
(Jordan  et  ah,  1988),  the  total  ER  tumor  concentrations  was  established. 
Based  on  the  1974  Conference  in  Bethesda  (McGuire  et  al.,  1975),  it  was 
decided  that  tumors  would  be  classified  as  either  ER  positive  (above 
10  fm/mg  cytosol  protein)  or  ER  negative  (below  10  fm/mg  cytosol  pro¬ 
tein).  Tumors  that  were  ER  positive  would  most  likely  respond  to  endo¬ 
crine  ablation  or  high-dose  estrogen  therapy  but  ER-negative  tumors 
were  unlikely  to  respond  (McGuire  et  al.,  1975). 

p0205  Failure  of  endocrine  therapy  (Ingle  et  al.,  198|)  usually  occurs  after 
about  a  year  or  two  of  treatment  in  metastatic  breast  cancer  (stage  IV). 
The  received  wisdom  was  that  the  ER-positive  cells  were  dying  and  the 
tumor  was  being  repopulated  with  ER-negative  cells.  However,  this  did 
not  explain  the  fact  that  clinicians  could  identify  an  endocrine  therapy 
responsive  tumor  that  would  respond  and  fail  but  then  respond  again  to 
a  different  endocrine  therapy.  This  could  continue  for  several  cycles  and 
is  referred  to  as  the  “endocrine  cascade.”  Clearly  some  other  mechanism 
of  acquired  resistance  was  occurring.  The  adaptations  of  the  tumor  to 
the  environment  during  treatment  were  illustrated  by  the  responses  of 
some  tumors  to  high-dose  DES  therapy.  We  noted  earlier  that  Haddow 
observed  that  some  tumors  melted  away,  but  during  the  1960s  and 
1970s,  Basil  Stoll  showed  that  some  tumors  would  regress  but  they  would 
regrow  during  DES  therapy  only  to  regress  again  once  DES  treatment  was 
stopped  (Stoll,  1977b).  This  wa^alled  a  “withdrawal  response.”  There  was 
no  explanation  for  all  these  events. 

p02l0  During  the  1980s,  with  the  general  acceptance  by  the  clinical  commu¬ 
nity  that  clinical  trials  had  to  be  started  to  test  long-term  adjuvant  tamoxifen 
therapy,  it  became  clear  that  there  was  a  need  for  realistic  laboratory  models 
of  acquired  drug  resistance  to  tamoxifen.  These  would  be  necessary  to  assess 
mechanisms  of  resistance  and  subvert  the  process,  but  more  importantly,  in 
the  short  term,  to  discover  effective  second-line  therapies  for  patients  that 
prematurely  recur  during  adjuvant  tamoxifen  treatment. 

p02l5  Tamoxifen  blocks  estradiol-stimulated  MCF-7  tumor  growth  when 
cells  are  inoculated  into  athymic  mice  (Osborne,  Hobbs,  &  Clark,  1985). 
However,  tamoxifen  cannot  control  tumor  growth  indefinitely;  eventually, 
MCF-7  tumors  grow  despite  continuing  tamoxifen  treatment  (Osborne, 
Coronado,  &  Robinson,  1987).  This  situation  was  examined  from  another 


Comp,  by:  CKarunaJothi  Stage:  Proof  Chapter  No.:  7  Title  Name:  VH 
Date:  18/5/1 3  Time:  10:35:24  Page  Number:  161 


VH,  978-0-12-416673-8 


To  protect  the  rights  of  the  author(s)  and  publisher  we  inform  you  that  this  PDF  is  an  uncorrected  proof  for  internal  business  use 
only  by  the  author(s),  editor(s),  reviewer(s),  Elsevier  and  typesetter  SPi.  It  is  not  allowed  to  publish  this  proof  online  or  in  print. 
This  proof  copy  is  the  copyright  property  of  the  publisher  and  is  confidential  until  formal  publication. 


B978-0-12-416673-8. 00007-1 ,  00007 


162 


Russell  E.  McDaniel  et  al. 


perspective  using  serial  transplantations  of  MCF-7  tumors  with  acquired 
tamoxifen  resistance.  Remarkably,  the  growth  of  tumors  with  ac¬ 
quired  tamoxifen  resistance  is  dependent  upon  tamoxifen  (Gottardis  & 
Jordan,  1988;  Gottardis,  Wagner,  Borden,  &  Jordan,  1989)  or  indeed  any 
SERM  such  as  raloxifene  or  toremifene  (O’Regan  et  ah,  2002).  Physiologic 
estrogen  treatment  also  caused  tumors  to  grow  so  the  ER  mechanism  was 
reconfigured  in  the  breast  cancer  cells  to  grow  with  either  estrogen  or 
tamoxifen  as  the  binding  ligand.  No  treatment  or  treatment  with  a  pure  ste-  Ml 
roidal  antiestrogen  ICI  164,384  (Gottardis,  Jiang,  Jeng,  &Jordanjl989)  (the 
lead  compound  for  the  series  that  became  the  clinically  approved  drug 
fulvestrant) .  These  data  in  the  laboratory  presaged  the  subsequent  clinical 
findings  that  either  an  aromatase  inhibitor  (no  estrogen)  or  fulvestrant  would 
be  appropriate  second-line  therapies  following  treatment  failure  with 
tamoxifen  (Howell  et  al.,  2004;  Osborne  et  al.,  2002). 
p0220  The  issue  of  the  development  of  acquired  resistance  to  tamoxifen  within 
a  year  or  two  when  used  for  the  treatment  of  metastatic  breast  cancer  (stage 
IV)  appeared  to  be  replicated  in  the  laboratory  (Gottardis  &  Jordan,  1988), 
but  the  fact  that  adjuvant  tamoxifen  treatment  could  be  continued  for  5  years 
without  rapid  early  treatment  recurrences  was  not  explained  by  the  labora¬ 
tory  models  developed  in  the  1980s.  Again  serendipity  intervened  with  a 
chance  observation  that  opened  up  the  study  of  a  new  biology  of 
estrogen-induced  apoptosis. 


S0050  >  >  7.  ESTROGEN-INDUCED  APOPTOSIS:  BACK  TO  THE 
\/  BEGINNING 

p0225  The  MCF-7  tumor  model  of  acquired  resistance  to  tamoxifen  was 

a  significant  advance  for  the  study  of  SERM  resistance,  but  the  tumor  biol¬ 
ogy  could  only  be  retained  in  vivo,  through  repeated  transplantation 
into  generations  of  athymic  mice  every  4  or  5  months.  Cell  culture 
models  of  antihormone  therapy  were  becoming  available  (Sweeney, 
McDaniel,  Maximov,  Fan,  &  Jordan,  2012)  once  it  was  realized  that  the 
MCF-7  cell  line,  that  had  actually  been  derived  from  a  patient  treated 
with  high-dose  DES,  was  subsequently  grown  and  propagated  in  vitro 
in  a  media  rich  in  an  estrogen  as  a  contaminant  of  the  phenol  red 
redox  indicator  (Berthois,  Katzenellenbogen,  &  Katzenellenbogen,  1986; 
Bindal,  Carlson,  Katzenellenbogen,  &  Katzenellenbogen,  1988;  Bindal  & 
Katzenellenbogen,  1988).  Studies  removing  all  estrogens  from  media  ini¬ 
tially  cause  MCF-7  cells  to  die  but  remaining  cells  adapt  and  grow 
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independent  of  estrogen  but  retain  the  ER  (i.e.,  do  not  become  ER  nega¬ 
tive)  (Katzenellenbogen,  Kendra,  Norman,  &  Berthois,  1987;  Welshons  & 
Jordan,  1987).  These  early  studies  would  replicate  the  action  of  aromatase 
inhibitor  on  the  ER-positive  tumor.  During  the  next  decade,  numerous  cell 
lines  would  be  created  (Herman  &  Katzenellenbogen,  1994;  Jiang,  Wolf, 
Yingling,  Chang,  &  Jordan,  1992;  Masamura,  Santner,  Heitjan,  & 
Santen,  1995;  Pink,  Jiang,  Fritsch,  &  Jordan,  1995;  Shim  et  a^M)00)  that 
would  yield  further  insights  into  estrogen  action  in  the  twenty-first  century. 
However,  the  breakthrough  in  the  understanding  of  the  evolution  of 
acquired  resistance  to  tamoxifen  was  to  come  from  the  years  of 
retransplantation  of  MCF-7  tumors  into  tamoxifen- treated  athymic  mice. 
Continuous  retransplantation  into  tamoxifen-treated  mice  over  a  5-year 
period  changes  the  tumor  cell  response  to  physiological  estrogen  treatment 
from  a  survival  signal  to  a  trigger  of  apoptosis  (Wolf  &  Jordan,  1993;  Yao 
et  al.,  2000).  Small  tumors  do  not  grow  with  physiologic  estradiol  treatment 
but  melt  away  completely.  Large  tumors  undergo  dramatic  regression  but 
eventually  start  to  regrow  vigorously  with  continuing  estradiol  treatment. 
Retransplantation  of  the  growing  tumors  into  new  athymic  mice  demon¬ 
strates  growth  is  dependent  upon  estrogen  treatment,  no  treatment  results 
in  no  tumor  growth,  and  tamoxifen  again  inhibits  estradiol-stimulated 
growth  (Fig.  7.6).  The  estrogen  destroys  cells  with  acquired  resistance  to 
tamoxifen  with  the  remaining  tumor  tissue  again  responsive  to  tamoxifen 
treatment.  These  laboratory  findings  were  reproducible  and  exhibited  a 
cyclical  pattern  of  sensitivity  and  resistance  indicating  a  plasticity  in  the 
tumor  cell  population  (Balaburski  et  al.,  2010;  Yao  et  al.,  2000).  They  also 
suggested  a  mechanism  tip  explain  the  sustained  and  enhanced  antitumor 
effect  of  tamoxifen  after  a  long  duration  of  the  SERM  had  been  administered 
(at  least  5  years).  It  was  proposed  that  acquired  drug  resistance  evolves 
through  Phase  I  resistance  where  both  estrogen  and  tamoxifen  stimulate 
tumor  growth  and  then  the  survival  mechanisms  are  reconfigured  so  that, 
in  Phase  II  that  occurs  before  5  years,  only  tamoxifen  supports  the  survival 
of  micrometastases;  physiologic  estrogen  causes  tumor  cell  death  (Fig.  7.6) 
(Jordan,  200^  The  use  of  adjuvant  tamoxifen  for  5  years  prepares  the 
micrometastatic  disease  to  be  destroyed  by  the  woman’s  own  estrogen  once 
the  tamoxifen  is  stopped  (Wolf  &  Jordan,  1993).  Mortality  continues  to 
decrease  as  micrometastatic  disease  is  eradicated  (EBCTCG,  2005).  The 
same  events  would  explain  the  sustained  effects  of  long-term  tamoxifen 
treatment  in  the  chemoprevention  setting  (Cuzick  et  al.,  2006;  Fisher 
et  al.,  2005;  Powles  et  al.,  2007). 
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Current  clinical 
applications 


Current  clinical 
trials 


f0030  Figure  7.6  The  evolution  of  drug  resistance  (Jordan,  2004).  (See  Color  Insert.) 


t0005  Table  7.1  Response  rates  to  high-dose  DES  treatment  of  breast  cancer  patients 
in  Lonning  et  al.  (2001) 

Response 


Complete 

Partial 

Stable  disease 

4a/32 

6/32 

2/32 

np0005a0ne  patient  remains  disease-free  10  years  and  6  months  after  commencing  DES  treatment. 

p0230  These  laboratory  data  (Wolf  &  Jordan,  1993;  Yao  et  al.,  2000)  also  pro¬ 
posed  the  potential  use  of  high-  or  low-dose  estrogen  treatment  as  a  salvage 
therapy  for  patients  who  had  received  exhaustive  (i.e.,  the  endocrine  cas¬ 
cade)  antihormone  therapy.  This  strategy  has  been  evaluated  clinically. 
Lonning  et  al.  (2001)  noted  an  overall  30%  response  rate  to  high-dose 
DES  (15  mg  daily)  (Table  'Ll)  and  one  patient  had  a  remarkable  response 
continuing  to  last  now  for  over  10  years. 

One  of  the  patients  (AO)  Who  achieved  a  complete  response  of  a  16  x  16  mm 
cytological  confirmed  cwest  wall  relapse,  received  DES  treatment  for  five  years, 
where  after  she%j£n  subject  to  regular  follow-up  without  active  treatment.  To  this 
day,  she  remains  disease-free  10  years  and  six  months  after  commencing  DES 
treatment. 

(Lonning,  2009) 

p0235  Recently,  Ellis  et  al.  (2009)  have  tested  the  “low-dose”  estrogen  therapy 
hypothesis  (Yao  et  al.,  2000)  and  noted  a  similar  clinical  benefit  (~29%) 
for  women  receiving  either  6  mg  estradiol  daily  or  30  mg  estradiol  daily, 
after  failing  an  aromatase  inhibitor.  Responses  were  not  as  profound  in 
the  Ellis  study  (Ellis  et  al.,  2009)  compared  with  the  Lonning  study 
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(Lonning  et  al.,  2001)  probably  because  the  patients  in  the  Ellis  study  were 
not  treated  “exhaustively”  with  antihormones  and  had  therefore  not 
evolved  to  Phase  II  endocrine  resistance. 
p0240  The  “Phase  II”  tamoxifen  resistance  model  also  taught  another  interest¬ 
ing  lesson.  The  pure  antiestrogen  fulvestrant  produced  tumoristasis,  whereas 
physiologic  estrogen  causes  profound  tumor  regression  starting  after  about 
1  week  (Osipo,  Gajdos,  Liu,  Chen,  &  Jordan,  2003).  However,  a  combina¬ 
tion  of  fulvestrant  plus  physiologic  estrogen  causes  dramatic  tumor  growth 
(Osipo  et  al.,  2003).  These  data  imply  that  a  combination  of  fulvestrant  and 
aromatase  inhibitor  as  endocrine  therapy  following  failure  of  long-term 
tamoxifen  treatment  may  produce  better  tumor  control  than  fulvestrant 
alone  (presupposing  one  does  not  use  physiologic  estrogen  to  treat  patients 
alone  first!)  Although  results  are  not  exactly  optimal,  two  large  treatment 
trials  have  recently  been  published  using  similar  dosage  regimens.  One 
shows  significant  PFS  and  survival  advantage^^or  the  combination 
(Mehta  et  al.,  2012),  whereas  the  other  does  not  (Bergh  et  al.,  2012).  How¬ 
ever,  neither  trial  uses  optimal  fulvestrant  therapy,  that  is,  500  mg,  or  twice 
the  recommended  monthly  dose  of  250  mg  (Di  Leo  et  al.,  2010). 
p0245  With  the  relentless  rise  of  interest  in  the  development  of  an  aromatase 
inhibitor  to  replace  tamoxifen  as  the  long-term  adjuvant  therapy  of  choice 
for  postmenopausal  women,  studies  of  resistance  moved  naturally  to  study 
the  effect  of  estrogen  withdrawal  on  ER-positive  cells  in  vitro.  The  exper¬ 
imental  results  (Song  et  al.,  2001)  were  to  dovetail  nicely  into  results  from 
prior  studies  with  tamoxifen  in  vivo^ff  ao  et  al.,  2000).  Long-term  estrogen- 
deprived  (LTED)  MCF-7  cells  could  initially  gain  a  “supersensitivity”  to 
estrogen  in  the  environment  once  the  main  source  of  estrogen  had  been 
removed.  In  other  words,  the  original  studies  (Katzenellenbogen  et  al., 
1987;  Welshons  &  JordanVl987)  that  demonstrated  initial  cell  death  when 
MCF-7  cells  were  exposed  to  an  estrogen-free  environment,  but  then  a 
population  of  cells  grew  spontaneously.  This  “estrogen-free  growth”  was 
interpreted  as  the  cells  being  selected  that  were  “hypersensitive”  to 
extremely  low  estrogen  concentrations  (Masamura  et  al.,  1995;  Shim 
et  al.,  2000).  But  further  examinations  of  concentration  response  relation¬ 
ship  showed  that  estrogen-induced  apoptosis  occurred  in  these  cells 
(Song  et  al.,  2001),  but  not  just  at  high  concentrations  but  at  low  concen¬ 
trations  as  predicted  by  the  MCF-7  tamoxifen-resistant  model  in  vivo 
(Jordan,  Liu,  &  Dardes,  2002).  Specific  clones  of  MCF-7  cells  generated 
from  populations  of  LTED  MCF-7  cells  (Jiang  et  al.,  1992;  Pink  et  al., 
1995)  can  undergo  immediate  estrogen-induced  apoptosis  (MCF-7:5C) 
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(Lewis  et  al.,  2005)  or  apoptosis  induced  by  estrogen  a  week  later  (MCF- 
7:2A)  (Ariazi  et  al.,  2011). 

p0250  Several  facts  are  emerging  to  understand  the  new  biology  of  estrogen- 
induced  apoptosis.  The  molecular  events  to  trigger  apoptosis  with  physiologic 
estrogen  initiate  the  mitochondrial  or  intrinsic  pathway  first  and  then  for  the 
final  execution  there  is  recruitment  of  the  extrinsic  pathway  (Lewis  et  al., 
2005).  This  process  is  fundamentally  different  to  cytotoxic  chemotherapy  that 
immediately  causes  a  G1  blockade  with  a  commitment  to  program  '^ell  death 
within  12  h.  Massive  DNA  disruption  requires  immediate  action  by  the  cell. 

p0255  What  then  is  the  physiologic  trigger  for  estrogen-induced  apoptosis? 
Apoptosis  caused  by  estrogen  can  be  modulated  and  is  dependent  upon 
the  shape  of  the  ligand  ER  complex.  Estrogens  are  classified  (Jordan 
et  al.,  2001)  into  Class  I  or  planar  estrogens  such  as  estradiol  or  DES  and 
Class  II  or  angular  estrogens  such  as  hydroxylated  triphenylethylenes.  Both 
classes  of  estrogen  cause  cell  replication  but  only  Class  I  estrogens,  which  per¬ 
mit  the  ligand  to  be  sealed  within  the  ligand-binding  domain  (Brzozowski 
et  al.,  1997;  Shiau  et  al.,  1998),  can  initiate  immediate  estrogen-induced 
apoptosis  in  the  correctly  configured  estrogen-deprived  breast  cancer  cell. 
Coactivators  must  bind  to  the  ER  complex  for  growth  or  apoptosis 
(Hu  et  al.,  2011).  By  contrast,  an  estrogenic  triphenylethylene  in  Class  II 
alters  the  shape  of  the  ER  complex  “so  that  it  temporarily  adapts  to  the  shape 
of  an  antiestrogenic  ER  complex”  (Maximov  et  al.,  2011)  which  cannot 
adequately  bind  coactivators  to  delay  estrogen-induced  apoptosis.  These 
data  dramatically  illustrate  the  promiscuous  nature  of  cell  replication  and  sur¬ 
vival  with  almost  any  signal  input  that  is  minimally  adequate  to  bind  to  the 
ER.  The  signal  for  death  must  be  precise  because  it  is  final  for  the  cell. 

p0260  One  obvious  application  for  the  discovery  of  the  cellular  mechanisms 
that  prevent  estrogen-induced  apoptosis  is  to  deploy  a  companion  therapy 
to  neutralize  resistance  to  apoptosis  and  enhance  responsiveness  to  estrogen. 
Looked  at  simply,  it  would  be  an  advantage  to  enhance  apoptosis  and  con¬ 
vert  clinical  responses  of  30%  for  estrogen-treated  patients  following  exhaus¬ 
tive  antihormone  therapy  to  over  50%.  Two  approaches  have  addressed  the 
goal  of  enhancing  response  rates  to  physiologic  estrogen-induced  apoptosis. 
First,  the  MCF-^2A  cells  have  a  delayed  response  to  estrogen-induced  apo¬ 
ptosis  and  also  have  an  enhanced  glutathione  synthetic  pathway  (Ariazi  et  al., 
2011).  Glutathione  protects  against  oxidative  stress.  The  administration  of 
buthioninesulphoximine  that  blocks  the  synthesis  of  glutathione  causes  rapid 
estrogen-induced  apoptosis  (Lewis-Wambi,  Swaby,  Kim,  &  Jordan,  2009; 
Lewis-Wambi  et  al.,  2008).  Second,  it  was  believed  that  blocking  the  cSrc 
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oncogene,  which  is  present  in  70%  of  human  breast  cancer,  would  further 
enhance  estrogen-induced  apoptosis  of  the  breast  cancers  treated  exhaus¬ 
tively  with  antihormone  therapy.  In  fact,  blocking  cSrc  actually  also  blocked 
estrogen-induced  apoptosis  (Fan  et  al.,  2012).  This  was  not  the  anticipated 
result,  but  this  is  new  knowledge  that  must,  in  the  future,  be  considered 
when  dissecting  the  trigger  mechanism  of  estrogen-induced  apoptosis.  It 
could  not  have  been  predicted  that  cSrc  was  essential  for  estrogen-induced 
apoptosis.  The  discovery  of  the  precise  triggering  mechanism  for  estrogen- 
induced  apoptosis  will,  because  it  is  biologically  unique,  provide  additional 
approaches  to  discover  new  targeted  therapies. 


S0055  >  >  8.  THE  LEGACY  OF  TAMOXIFEN 

p0265  ^  In  1970,  there  was  no  tamoxifen,  only  I  Cl  46,474,  a  failed  “morning 
after  pill,”  that  was  abandoned  by  the  pharmaceutical  industry  in  1972 
(Jordan,  2003c,  2006).  By  a  series  of  fortunate  friendship  and  the  key  indi¬ 
viduals  being  in  the  right  place  at  the  right  time,  the  first  target  drug  in  breast 
cancer  therapy,  tamoxifen,  was  reinvented  (Jordan,  2008b)  to  become  a  life¬ 
saving  medicine,  the  first  SERM,  the  first  chemopreventive  drug  to  reduce 
the  risk  of  any  cancer  and  the  drug  that  would  throw  light  on  the  “mech¬ 
anism  of  estrogen-induced  apoptosis”  solving  Haddow’s  paradox  when  he 
deployed  the  first  chemical  therapy,  high-dose  estrogen,  to  treat  breast  can¬ 
cer  successfully  (Jordan,  2008a).  j 

p0270  There  are  two  additional  therapeutic  advances  that  tamoxifen  catalyzed: 
the  aromatase  inhibitors  and  the  development  of  the  SERM  principle  as  a 
multifunctional  drug  group. 

p0275  Angela  Brodie’s  dedicated  and  pioneering  work  (Brodie  &  Longcope, 
1980;  Brodie,  Marsh,  &SBrodie,  1979;  Brodie,  Schwarzel,  Shaikh,  & 
Brodie,  1977;  Coombes,  Goss,  Dowsett,  Gazet,  &  Brodie,  1984)  was 
essential  as  proof  of  principle  that  a  selective  aromatase  inhibitor  could 
be  discovered  with  clinical  efficacy.  The  problem  with  her  discovery, 
4-hydroxyandrostenedione,  was  that  it  was  an  injectable  rather  than  a  more 
convenient  oral  preparation.  However,  the  fact  that  the  failed  “morning 
after  pill”  ICI  46,474  was  transformed  successfully  into  the  “gold  standard” 
tamoxifen  for  the  adjuvant  treatment  of  breast  cancer  provided  a  new  target 
(the  aromatase  enzyme)  to  improve  antihormonal  therapy  in  breast  cancer. 
With  profits  expanding  from  sales  of  tamoxifen  in  the  United  States  after 
1990,  the  key  issue  for  the  successful  drug  development  of  an  aromatase 
inhibitor  would  be  satisfied:  profits.  The  patent  from  tamoxifen  would 
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run  out  in  America,  and  aromatase  inhibitors  be  substituted.  Three  orally 
active  third-generation  aromatase  inhibitors  were  subsequently  successfully 
developed  for  adjuvant  therapy:  anastrazole,  letrozole,  and  exemestane. 
Each  was  demonstrated  to  have  a  small  but  consistent  improvement  over 
5  years  of  tamoxifen  alone  whether  given  instead  of  tamoxifen  in  postmen¬ 
opausal  patients,  after  5  years  of  tamoxifen  or  switching  after  n  couple  of 
years  of  tamoxifen  (Baum  et  ah,  2002;  Boccardo  et  al.,  2005;  Coates 
et  al.,  2007;  Coombes  et  al.,  2004;  Goss  et  al.,  2003,  200^y^)well  et  al., 
2005;  Thurlimann  et  al.,  2005).  There  has  even  been  a  successful  trial  of 
exemestane  as  a  preventive  in  postmenopausal  high-risk  women  (Goss 
et  al.,  201 1).  However,  it  is  hard  to  see  how  this  approach  would  be  superior 
to  a  sophisticated  third-generation  SERM  functioning  as  a  multifunctional 
medicine  in  women’s  health. 

p0280  The  advantages  of  aromatase  inhibitors  for  postmenopausal  patients  are 
clear  in  large  population  trials  and  for  health-care  systems.  Patents  for  aro¬ 
matase  inhibitors  are  running  out  or  have  run  out  and  cheap  generics  are 
becoming  available.  (The  aromatase  inhibitors  were  initially  priced 
extremely  high  compared  to  tamoxifen  to  cpmpensate  for  each  only  secur¬ 
ing  about  one-third  of  the  original  tamoxifen  market.)  A  disease-free 
survival  advantage  is  noted  for  adding  Sfearomatase  inhibitor  to  the  treat¬ 
ment  plan  compared  to  tamoxifen  alone  (Dowsett  et  al.,  2010)  and  concerns 
about  endometrial  cancer  and  blood  clots  are  diminished.  Current  clinical 
studies  to  improve  endocrine  response  rates  seek  to  exploit  emerging  knowl¬ 
edge  about  the  molecular  mechanisms  of  antihormone  resistance  to  aro¬ 
matase  inhibitors  (Roop  &  Ma,  2012).  Combinations  of  letrozole  and 
lapatinib,  an  inhibitor  of  the  HER2  pathway,  show  some  advantages  over 
letrozole  alone  in  ER-positive  and  HER-positive  metastatic  breast  cancer 
(Riemsma  et  al.,  2012).  A  similar  improvement  in  responsiveness  to  aroma¬ 
tase  inhibitors  is  noted  with  a  combination  with  the  mTor  inhibitor 
everolimus  (Bachelot  et  al.,  2012;  Baselga  et  al.,  2012,  2009). 

p0285  The  second  major  advance  in  therapeutics  catalyzed  by  tamoxifen  is  the 
SERM  group  of  medicines.  The  cluster  of  laboratory  findings  in  the  1980s 
that  described  the  fact  that  the  “nonsteroidal  antiestrogens”  were  actually 
targeted  estrogens  and  antiestrogens  in  select  estrogen  target  tissues 
(Jordan,  2001)  prompted  a  significant  effort  by  the  pharmaceutical  industry 
to  exploit  the  concept  with  new  SERMs  (Jordan,  2003a,  2003b).  This,  in 
large  measure,  was  because  both  tamoxifen  and  raloxifene  were  so  successful 
economically.  The  osteoporosis  market  is  much  bigger  than  the  endocrine 
treatment  of  breast  cancer. 
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p0290  Today  considerable  scientific  success  has  been  achieved  with  new 
SERMs,  but  it  remains  a  challenge  to  create  a  drug  with  absolute  safety  guar¬ 
antees  for  all  women.  The  bar  is  now  very  high  by  necessity  as  prevention  of 
multiple  diseases  implies  that  subjects  who  are  the  target  population  are  in 
fact  currently  well.  We  will  comment  briefly  on  three  compounds: 
lasofoxifene,  basedoxifene,  and  ospemifene,  but  first  it  is  worth  mentioning 
that  the  molecules  each  have  a  “history”  (Fig.  7.7).  Lasofoxifene  started  its 
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f0035  Figure  7.7  The  historical  origins  of  the  new  SERMs. 
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molecular  odyssey  from  its  origins  in  the  fertility  control  program  at  Upjohn 
in  Kalamazoo  in  the  early  1960s  (Lednicer,  Emmert,  Duncan,  &  Lyster, 
1967;  Lednicer,  Lyster,  &  Duncan,  1967).  The  antiestrogen/postcoital  con¬ 
traceptive,  U1 1 ,100A,  was  discovered  and  initially  discovered  by  the  fertility 
control  program.  But  U11,100A  was  reinvented  to  become  nafoxidine  for 
the  treatment  of  breast  cancer  (Legha  et  al.,  1976).  Unfortunately,  this  pro¬ 
gram  was  abandoned  because  of  the  severe  side  effect  of  photophobia. 
Lasofoxifene  is  a  very  potent  SERM  with  an  effective  dose  of  0.5  mg  daily 
being  recommended  for  the  treatment  and  prevention lof  osteoporosis 
(Cummings  et  al.,  2010).  This  is  1/ 100th  the  recommended  daily  dose  of 
raloxifene  (60  mg  daily).  Medicinal  chemists  discovered  that  the  levorota- 
tory  enantiomer  is  resistant  to  glucuronidation  so  that  the  molecule  is  not 
readily  excreted  (Rosati  et  al.,  1998).  The  registration  trial  of  postmeno¬ 
pausal  evaluation  and  risk-reduction  with  lasofoxifene  documented  signifi¬ 
cant  decreases  in  ER-positive  breast  cancer,  coronary  heart  disease,  strokes, 
and  endometrial  cancer  (Cummings  et  al.,  2010).  Basically,  all  that  the  orig¬ 
inal  roadmap  (Lerner  &  Jordan,  1990)  predicted  for  a  SERM  to  prevent 
breast  cancer  (and  endometrial  cancer)  as  beneficial  side  effect  for  the  pre¬ 
vention  of  osteoporosis  and  coronary  heart  disease.  Lasofoxifene  is  approved 
in  the  European  Union,  but  not  in  the  United  States. 

p0295  Bazedoxifene  (Fig.  7.7)  (Gruber  &  Gruber,  2004;  Komm  et  al.,  2005; 
Miller  et  al.,  2001),  evolved  from  the  metabolite  of  an  earlier  compound 
zindoxifene  that  failed  to  have  antitumor  activity  in  clinical  trial  (Stein 
et  al.,  1990),  actually  showed  estrogen-like  activity  in  laboratory  studies 
(Robinson,  Koch,  &  Jordan,  1988).  Introduction  of  the  appropriate  phen- 
ylalkylamino  ethoxy  side  chain  created  an  important  new  SERM. 
Bazedoxifene  is  of  interest  as  it  has  not  only  been  tested  as  a  SERM  for 
the  prevention  of  osteoporosis  (Kawate  &  Takayanagi,  2011;  Silverman 
et  al.,  2012)  but  also  has  been  evaluated  as  a  new  kind  of  hormone  replace¬ 
ment  therapy,  that  is,  bazedoxifene  plus  conjugated  equine  estrogens  (CEE) 
(Kagan,  Williams,  Pan,  Mirkin,  &  Pickar,  2010;  Lindsay,  Gallagher,  Kagan, 
Pickar,  &  Constantine,  2009;  Pinkerton,  Pickar,  Racketa,  &  Mirkin,  2012). 
There  is  an  additive  effect  on  bone  density,  but  the  SERM  blocks  breast  and 
endometrial  actions  of  estrogen.  Clearly,  this  is  an  innovation  application  of 
SERMs  that  clearly  avoids  the  tumorigenic  effect  of  both  CEE  and  synthetic 
progestin  (Crandall  et  al.,  2012). 

p0300  Last,  there  is  ospemifene  (Fig.  7.7).  The  history  of  ospemifene  is  inter¬ 
esting  as  it  has  also  evolved  from  a  previously  researched  predecessor.  A  new 
metabolite  of  tamoxifen  (metabolite  Y)  was  reported  in  1982-1983  and  was 
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shown  to  have  weak  antiestrogenic  properties  (Bain  &  Jordan,  1983;  Jordan, 
Bain,  Brown,  Gosden,  &  Santos,  1983).  Later,  a  similar  metabolite  was 
found  for  another  antiestrogen  toremifene,  and  this  metabolite  is  now 
known  as  ospemifene.  Originally,  ospemifene  was  developed  to  treat  vaginal 
atrophy  in  postmenopausal  women,  but  it  also  can  be  useful  for  the  preven¬ 
tion  and  treatment  of  osteoporosis.  In  clinical  trials,  ospemifene  was  shown 
to  be  well  tolerated  and  have  a  safe  toxicity  profile  (DeGregoriq  et  al.,  2000; 
Rutanen  et  al.,  2003;  Voipio  et  al.,  2002).  However,  there  is  still  not  enough 
data  from  the  trials  to  assess  the  effectiveness  of  ospemifine  in  regard  with 
osteoporosis  or  breast  cancer  prevention. 

p0305  However,  with  all  the  SERMs,  the  principal  issue  can  be  the  quality  of 
life  for  the  patient.  Hormone  replacement  therapy  solves  the  menopausal 
symptom  of  hot  flashes  and  night  sweats.  This  is  an  important  issue  for  those 
with  severe  symptoms.  The  SERMs,  at  present#  are  known  to  exacerbate 
rather  than  resolve  this  issue.  However,  prompted  by  potential  markets, 
pharmaceutical  chemists  are  attempting  to  decipher  the  complexities  of  this 
important  SERM  side  effect  to  allow  therapeutic  compliance  with  SERMs 
to  become  optimal  (Jain  et  al.,  2006,  2009;  Wallace  et  al.,  2006;  Watanabe 
et  al.,  2003). 

p03io  So  how  far  can  the  SERM  concept  go?  Already  medicinal  chemists  have 
created  selective  agonist/ antagonist  for  all  members  of  the  nuclear  receptor 
superfamily  (Fan  &  Jordan,  2013),  and  there  is  the  promise  of  the  further 
understanding  of  selective  ERoc/ERP  modulators  (Sengupta  &  Jordan, 
2013).  The  products,  should  they  find  applications  in  the  clinic,  hold  the 
promise  of  treating  diseases  selectively  that  could  never  have  been  imagined 
40  years  ago. 

p03i5  But  all  is  not  resolved  with  SERMs  and  one  discovery  in  the  early  1980s 
remains  a  work  in  progress.  The  availability  of  [3H]  tamoxifen  allowed  the 
identification  of  an  “antiestrogen-binding  protein”  by  Sutherland  et  al. 
(1980).  It  was  hypothesized  that  it  could  be  linked  with  antiestrogen  action, 
but  in  recent  years,  compelling  evidence  has  been  presented  that  it  plays  a 
role  in  cholesterol  metabolism  (Payre  et  al.,  2008)  and  is  identified  in  mice 
as  membranous  epoxide  hydrolase.  The  biology  is  complex  but  there  are 
suggestions  that  this  may  be  a  mechanism  for  tumoricidal  action  (Delarue 
et  al.,  1999;  Payre  et  al.,  2008). 

p0320  In  coming  to  the  end  of  our  story,  we  return  to  the  beginning  of  chem¬ 
ical  therapy  for  cancer.  Sir  Alexander  Haddow  FRS,  it  is  fair  to  state,  actually 
became  the  catalyst  for  change  in  the  chemical  treatment  of  cancer.  In  1970, 
there  were  no  tests  to  establish  the  sensitivity  of  a  tumor  to  chemical  therapy. 
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It  was  empirical  medicine  of  trial  and  error  in  patient  based  on  often  suspect 
clinical  experience  rather  than  rigorously  controlled  clinical  trials.  Haddow 
advanced  clinical  certainty  during  his  career  from  individual  experience  by 
organizing  a  small  clinical  trial  to  obtain  preliminary  data  (Haddow  et  al., 
1944),  with  a  subsequent  large  multicentered  trial  to  ensure  a  valid  result 
was  being  promoted  to  improve  clinical  practice.  To  prove  the  validity 
and  reproducibility  of  these  preliminary  data,  a  collaborative  clinical  trial 
was  organized  with  a  dozen  centers  throughout  the  United  Kingdom  orga¬ 
nized  by  the  Royal  Society  of  Medicine  (Haddow  was  the  President  of  the 
Section  of  Oncology  at  the  Royal  Society  of  Medicine).  He  stated  his  dis¬ 
covery  during  his  1970  Karnofsky  lecture: 

When  the  various  reports  were  assembled  at  the  end  oftjmt  time,  rit  was  fascinat¬ 
ing  to  discover  that  rather  general  impression,  not  sufficiently  strong  from  the  rel¬ 
atively  small  numbers  in  any  single  group,  becammeinforced  to  the  point  of 
certainty;  namely,  the  beneficial  responses  were  thme:^mes  more  freguent  in 
women  over  the  age  of  60  years  than  in  those  under  that  age;  that  oestrogens 
may,  on  the  contrary,  accelerate  the  course  of  mammary  cancer  in  younger 
women,  and  that  their  therapeutic  use  should  be  rb^fted  to  cases  5  years  beyond 
the  menopause.  Here  was  an  early  and  smjswinq  example  of  the  advantages 
which  may  accrue  from  cooperative  clinical  tncPkf 

(Haddow,  1970) 


p0325  A  similar  conclusion  was  noted  by  Stoll  (1977b)  through  a  review  of  his  life¬ 
time  experience  with  407  postmenopausal  patients  with  stage  IV  breast  can¬ 
cer  treated  with  high-dose  estrogen  (Table  7.2).  It  is  clear  a  prolonged  period 
of  estrogen  deprivation  after  the  menopause  is  needed  for  the  optimal  apo- 
ptotic  activity  of  estrogen  to  develop. 

p0330  These  early  data  have  relevance  to  solve  a  current  paradox  in  women’s 
health  that  has  major  significance.  The  Women’s  Health  Initiative  (WHI) 
Study  of  combination  CEE  and  the  synthetic  progestin  medroxy¬ 
progesterone  acetate  (HRT)  (to  prevent  endometrial  cancer)  was  initiated 
to  assess  the  effects  of  HRT  on  improving  women’s  health,  that  is, 
preventing  fracture^coronary  heart  disease,  and  Alzheimer’s,  and  balancing 


tooio  Table  7.2  Object! 
cancer  using  h 


ective 

righ-dc 


response  rates  in  postmenopausal  women  with  metastatic  breast 
ose  estrogen  therapy 


Age  since  menopause 

Patient  # 

Regression  (%) 

Postmenopausal  0—5  years 

63 

9 

Postmenopausal  >5  years 

344 

35 

The  407  patients  are  divided  in  relation  to  menopause  (Stoll,  1977b). 
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this  with  the  known  side  effects  of  increasing  the  incidence  of  breast  cancer 
and  thromboembolic  disorders.  The  study  did  show  a  decrease  in  osteopo¬ 
rotic  fractures  but  no  benefit  for  coronary  heart  disease  or  for  Alzheimer’s 
disease  (Rossouw  et  ah,  2002).  Breast  cancer  incidence  was  increased 
(Chlebowski  et  al.,  2003;  Shumaker  et  al.,  2003).  However,  the  examination 
of  the  second  WHI  trial  of  CEE  alone  versus  placebo  in  hysterectomized 
postmenopausal  women  showed  an  initial  decrease  in  breast  cancer  inci¬ 
dence  (Anderson  et  al.,  2004;  Prentice  et  al.,  2008),  and  then  a  further 
decrease  that  was  sustained  for  5  years  after  CEE  treatment  was  terminated 
(LaCroix  et  al.,  2011).  A  recent  analysis  demonstrates  rather  remarkably  not 
only  a  sustained  decrease  in  breast  cancer  incidence  but  also  all  cancers  and  a 
significant  decrease  in  mortality  (Anderson  et  al.,  2012).  The  population  of  \M\ 
women  were  aged  an  average  of  68  years,  that  is,  following  a  long  period  of 
estrogen  deprivation  CEE  causes  a  tumoricidal  action  which  fits  nicely  with 
the  Haddow/Stoll  explanation  of  needing  an  “estrogen  holiday”  to  create 
the  correct  antitumor  sensitivity  to  estrogen.  In  other  words,  estrogen 
should  not  be  given  alone  straight  after  menopause  as  an  ERT.  These  data 
obtained  in  the  modern  era  close  the  circle  on  our  current  understanding  of 
estrogen  action  in  the  life  and  death  of  breast  cancer  cells  (Jordan,  2008a). 

The  saga  of  SERMs  not  only  advanced  women’s  health,  dramatically 
improving  survivorship  and  preventing  both  breast  cancer  and  osteoporosis 
but  also  created  the  opportunity  to  discover  the  new  biology  of  estrogen- 
induced  apoptosis.  This  natural  mechanism  is  programmed  in  a  completely 
different  way  than  the  cellular  response  to  cytotoxic  therapy.  Our  ability  to 
decipher  the  actual  trigger  of  estrogen-induced  apoptosis  may  open  up  new 
opportunities  in  targeted  cancer  therapeutics. 
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Foreword 


I  joined  the  Clinical  Research  Department  of  ICI  Americas  (ICI)  in  Wilmington, 
Delaware,  in  1973,  after  competing  in  the  World  Championships  for  Rowing  in 
Moscow,  Russia,  as  a  member  of  the  first  US  women’s  rowing  team.  I  mention  this 
competition  because  as  I  was  part  of  a  team  who  was  pioneering  the  international 
competition  of  women’s  crew,  I  was  among  the  team  at  ICI  who  was  pioneering 
the  support  and  development  of  “targeted  therapies,”  the  first  being  tamoxifen. 
The  operative  word  here  is  team.  Having  previously  worked  at  the  National  Cancer 
Institute  supporting  the  Breast  Cancer  Task  Force,  I  was  considered  the  most 
qualified  individual  at  the  time  in  the  newly  formed  ICI  to  plan  and  organize  the 
clinical  investigation  of  the  antiestrogen  1046,474  in  the  United  States! 

I  remember  asking  my  director  how  long  it  takes  to  have  a  drug  approved. 
He  told  me  about  8  years;  as  a  competitor,  and  not  understanding  all  the  aspects  of 
pharmaceutical  drug  development,  I  said  to  myself,  “We  will  do  it  four  years”  As  it 
is  known,  the  Food  and  Drug  Administration  (FDA)  approved  the  labeling  for 
tamoxifen  on  December  31,  1977,  just  4  years  and  5  months  from  the  day  I  was 
hired.  Thinking  back  over  those  early  years,  I  recall  a  number  of  my  colleagues  as 
dedicated  individuals  who  understood  the  importance  of  developing  tamoxifen — 
Beverly  Bach,  Fran  Ehrlich,  David  Sofi,  and  Bruce  Decker — working  in  clinical 
research,  regulatory  affairs,  market  research,  and  marketing.  Eventually,  dozens  of 
staff  were  all  on  the  mission  as  a  team  to  make  tamoxifen  available  as  quickly  as 
possible  to  those  patients  who  were  most  likely  to  benefit. 

As  you  will  read  throughout  this  book,  the  early  clinical  development  of 
tamoxifen  was  driven  by  clinical  investigators  and  scientists  in  the  United  States, 
Canada,  and  Europe,  who  devoted  their  lives  to  the  treatment  of  patients  with  breast 
cancer,  such  as  Pierre  Band,  Harvey  Lemer,  and  Lucien  Israel.  In  fact,  it  was 
Harvey  Lemer  who  demonstrated  to  Stuart  Pharmaceuticals  the  urgency  of 
continuing  to  develop  this  agent  when  the  financial  forecast  was  not  compelling. 

As  you  will  read,  the  story  of  1046,474  began  with  its  discovery  in  the  fertility 
control  program  at  ICI  Pharmaceuticals,  Alderley  Park,  Cheshire.  It  was  an  excel¬ 
lent  morning-after  pill  in  rats,  but  in  fact  stimulated  ovulation  in  subfertile  women. 
Although  marketed  in  the  United  Kingdom  for  the  induction  of  ovulation,  the 
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viii  Foreword 

79  agent’s  main  focus  in  America  was  to  treat  breast  cancer.  A  few  small  clinical 

80  studies  of  1046,474  conducted  in  Europe  had  reported  modest  activity  in  meta- 

81  static  breast  cancer  (Cole  et  al.  British  Journal  of  Cancer,  1971;25:270-275  and 

82  Ward  British  Medical  Journal,  1973;5844:13-14). 

83  In  the  early  1970s,  US  clinical  trial  cooperative  groups  were  focusing  on  the  use 

84  of  combination  cytotoxic  chemotherapy  with  the  goal  of  curing  breast  cancer. 

85  Endocrine  therapy  was  largely  viewed  as  palliative;  so  there  was  little  possibility 

86  that  this  antiestrogen  would  make  much  of  an  impact  in  the  treatment  of  metastatic 

87  breast  cancer  or  provide  reasonable  financial  returns  for  investment  in  clinical 

88  studies.  Then,  in  1973,  I  met  Craig  Jordan,  one  of  the  few  people  in  the  world 

89  with  a  background  in,  and  understanding  of,  the  pharmacology  of  nonsteroidal 

90  antiestrogens.  I  arranged  with  my  management  to  provide  Craig  with  an  unre- 

91  stricted  research  grant  at  the  Worcester  Foundation  and  visited  him  to  discuss 

92  the  progress  as  he  reinvented  the  strategic  therapeutic  use  of  1046,474  to  become 

93  the  drug  tamoxifen  that  we  know  today.  Craig’s  laboratory  studies  supported  the 

94  exclusive  use  of  tamoxifen  to  treat  estrogen  receptor  (ER)-positive  tumors.  We  used 

95  his  results,  prior  to  their  publication,  in  our  “investigators  brochure.” 

96  I  suggested  that  Craig  become  our  scientific  advisor  for  tamoxifen  and  arranged 

97  for  him  to  meet  the  senior  leadership  of  the  Eastern  Cooperative  Oncology  Group 

98  (ECOG):  Doug  Tormey,  head  of  the  ECOG  Breast  Committee,  and  Paul  Carbone, 

99  chairman  of  ECOG.  ICI  Americas  continued  supporting  his  research,  and  in  the 

100  laboratory,  Craig  discovered  the  strategy  used  today,  that  of  long-term  adjuvant 

101  tamoxifen  therapy  specifically  targeting  ER-positive  breast  tumors. 

102  Looking  at  “the  good,  the  bad,  and  the  ugly”  of  tamoxifen,  Craig’s  laboratory 

103  raised  the  question  of  whether  the  agent  would  increase  the  incidence  of  endome- 

104  trial  cancer.  It  did.  This  led  to  the  recruitment  of  gynecologists  to  the  breast  cancer 

105  patient’s  care  team,  an  extremely  valuable  advance  at  the  end  of  the  1980s,  as 

106  tamoxifen  was  about  to  be  tested  as  a  chemopreventive  agent  in  high-risk  women. 

107  On  a  personal  note,  Craig  and  I  had  numerous  adventures  over  the  years, 

108  coincident  with  various  clinical  trial  meetings.  Here,  I  relate  a  story  that 

109  demonstrates  his  philosophy  of  honoring  commitment.  In  1979,  Craig  was  to  be 
no  the  opening  speaker  at  the  tamoxifen  meeting  in  Sorrento,  Italy.  He  was  working  in 

1 1 1  Bern,  Switzerland,  and  was  scheduled  to  fly  down  on  an  Alitalia  flight  from  Zurich 

112  to  Naples  on  the  evening  before  his  talk.  Craig  had  to  leave  Zurich  on  the  last  flight 

113  that  evening,  as  he  had  a  site  visit  at  the  Institute  in  Bern  earlier  in  the  day.  Then 

114  disaster  struck.  I  learned  that  Alitalia  was  to  go  on  strike  that  evening  and  urged  him 

115  to  leave  Bern  at  lunch  time,  if  there  was  to  be  any  hope  of  his  presenting  at  the 

116  meeting.  Craig  declared,  “But  I  have  a  room  full  of  site  visitors  from  America — not 

117  possible,”  followed  by,  “Don’t  worry,  I  will  be  there.”  After  my  call,  Craig 

118  immediately  contacted  his  technician  Brigitte  Haldemann  to  drive  him  through 

119  the  night  over  the  730  miles  to  Sorrento.  With  an  hour  to  spare  and  after  a  shower, 

120  he  presented  his  talk. 

121  To  this  day,  tamoxifen  remains  in  the  news.  The  Adjuvant  Tamoxifen  Longer 

122  Against  Shorter  (ATLAS)  trial  shows  that  10  years  of  adjuvant  tamoxifen  is 

123  superior  to  5  years  of  tamoxifen  (Davies  C  et  al.,  Lancet,  2012;  epub  12/12/ 
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2012).  The  therapeutic  strategy  is  again  being  tested  successfully,  but  the  benefit  in  124 
decreasing  mortality  occurs  in  the  second  decade  after  stopping  longer-duration  125 
tamoxifen.  This  phenomenon  (Wolf  D,  and  Jordan  VC,  Recent  Results  in  Cancer  126 
Research ,  1993;127:23-33)  led  to  the  new  biology  of  estrogen-induced  apoptosis.  127 
What  happened  to  chemoprevention?  Tamoxifen  became  the  first  agent  to  be  128 
approved  by  the  Food  and  Drug  Administration  for  reduction  of  breast  cancer  129 
incidence  in  high-risk  premenopausal  and  postmenopausal  women.  In  January  130 
2013,  the  National  Institute  for  Health  and  Clinical  Excellence  (NICE)  recom-  131 
mended  tamoxifen  be  made  available  through  the  National  Health  Service  in  the  132 
United  Kingdom  for  the  chemoprevention  of  breast  cancer.  133 

This  book  tells  the  humanistic  story  of  the  development  of  tamoxifen.  It  is  a  134 
tribute  of  gratitude  to  the  tens  of  thousands  of  women  and  men  who  participated  in  135 
clinical  trials  throughout  the  development  of  tamoxifen,  which  is  now  a  therapeutic  136 
agent  for  the  prevention  as  well  as  the  treatment  of  minimal  through  advanced  137 
stages  of  breast  cancer,  depending  on  the  patient’s  hormonal  receptor  status.  It  is  138 
also  an  acknowledgment  of  hundreds  of  clinical  oncology  health  teams  working  to  139 
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clinicians  caring  for  those  with  breast  cancer.  141 
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this  book.  I  am  personally  grateful  to  have  played  a  role,  minimal  as  it  was  and  is,  in  144 
the  development  of  tamoxifen.  145 
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The  story  of  tamoxifen  is  unique.  This  pioneering  medicine  was  not  conceived  as  152 
part  of  a  major  development  plan  in  the  pharmaceutical  industry  to  create  a  153 
blockbuster,  but  rather  tamoxifen  (1046,474)  was  an  orphan  product  that  had  154 
failed  its  first  indication  as  a  “morning-after  pill.”  Breast  cancer  was  a  consider-  155 
ation,  but  the  company  terminated  clinical  development  in  1972.  The  resurrection  156  IAU3I 
of  the  medicine  then  occurred  and,  after  a  period  of  dismissal  by  the  clinical  157 
community  in  the  mid-1970s,  successes  went  from  strength  to  strength.  158 

The  success  of  the  product  depended  upon  individuals  being  in  the  right  place  at  159 
the  right  time  and  a  “gentleman’s  agreement”  between  industry  (ICI  Pharma-  160 
ceuticals  Division  now  AstraZeneca)  and  academia  (Worcester  Foundation  and  161 
the  Leeds  University)  to  create  a  new  strategy  for  the  treatment  and  prevention  of  162 
breast  cancer.  The  gestation  period  for  that  strategy  was  the  whole  of  the  1970s  163 
[1-4].  The  principles  conceived  of  targeting  the  tumor  estrogen  receptor  (ER)  and  164 
using  long-term  adjuvant  endocrine  therapy  translated  effectively  to  clinical  trials  165 
that  demonstrated  dramatic  and  lasting  reduction  in  mortality  [5].  It  is  estimated  166 
that  the  hundreds  of  thousands,  perhaps  millions,  of  women  are  alive  today  because  167 
of  the  successful  translation  of  research  conducted  in  the  1970s.  168 

Additionally,  laboratory  research  on  the  prevention  of  mammary  carcinogenesis  169 
[2,  3]  in  animals  would  translate  to  successful  clinical  trials  [6-8]  with  tamoxifen  170 
being  the  first  medicine  to  be  approved  by  the  Food  and  Drug  Administration  171 
(FDA)  for  the  reduction  of  the  incidence  of  breast  cancer  in  pre-  and  postmeno-  172 
pausal  women  at  high  risk.  Tamoxifen  was  the  first  medicine  to  be  approved  to  173 
reduce  the  risk  for  any  cancer.  174 

Without  the  economic  success  of  tamoxifen,  there  would  have  been  no  incentive  175 
to  develop  the  aromatase  inhibitors  for  the  adjuvant  treatment  of  ER-positive  breast  176 
cancer  in  postmenopausal  patients.  Without  the  study  of  the  “good,  the  bad,  and  the  177  (j j\U4l 
ugly”  of  the  tamoxifen,  there  would  be  no  selective  ER  modulators  (SERMs).  178 
The  chance  finding  that  tamoxifen  and  also  a  failed  breast  cancer  drug  keoxifene  179 
(to  be  renamed  5  or  6  years  later  as  raloxifene)  would  maintain  bone  density  in  180 
ovariectomized  rats  [9]  opened  the  door  to  the  suggestion  that  181 
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1 82  Important  clues  have  been  garnered  about  the  effects  of  tamoxifen  on  bone  and  lipids  so  it  is 

183  possible  that  derivatives  could  find  targeted  applications  to  retard  osteoporosis  or  athero- 

184  sclerosis.  The  ubiquitous  application  of  novel  compounds  to  prevent  diseases  associated 

185  with  the  progressive  changes  after  menopause  may,  as  a  side  effect,  significantly  retard  the 

186  development  of  breast  cancer.  [10] 

187  Today,  raloxifene  is  approved  by  the  FDA  for  the  prevention  and  treatment  of 

188  osteoporosis  in  postmenopausal  women  and  for  the  prevention  of  breast  cancer  in 

1 89  high-risk  postmenopausal  women  [11].  However,  tamoxifen  became  the  pioneering 

190  SERM  that  switched  on  or  switched  off  estrogen  target  sites  around  a  woman’s 

191  body.  This  new  drug  group  also  led  to  the  idea  of  now  being  able  to  treat  diseases 

192  via  any  member  of  the  nuclear  hormone  receptor  superfamily.  Specificity  would  be 

193  enhanced  and  side  effects  reduced. 

194  This  monograph  documents  the  milestones  achieved  during  the  curious  twists 

195  and  turns  in  the  development  of  tamoxifen  over  the  past  40  years.  The  story  starts 

196  with  the  systemic  synthesis  of  nonsteroidal  estrogens  that  through  serendipity 

197  suddenly  gave  us  the  nonsteroidal  antiestrogens.  The  discovery  by  Leonard  Lemer 

198  in  the  1950s  of  MER25  (or  ethamoxytriphetol)  and  subsequently  clomiphene  [10] 

199  and  the  finding  that  they  were  antifertility  agents  in  rats  [10]  aroused  the  interest  of 

200  the  pharmaceutical  industry  to  develop  “morning-after  pills.”  Nonsteroidal 

201  antiestrogens,  however,  were  excellent  contraceptives  in  rats  but  actually  induced 

202  ovulation  in  subfertile  women.  Interest  in  nonsteroidal  antiestrogens  waned. 

203  Cancer  treatment  was  a  consideration  because  of  the  known  link  between 

204  estrogen  and  the  growth  of  some  metastatic  breast  cancers.  However,  again  there 

205  was  no  real  enthusiasm  from  the  pharmaceutical  industry.  Tamoxifen,  after  an 

206  unlikely  start  in  the  1960s,  advanced  alone  during  the  1970s  to  become  the  “gold 

207  standard”  for  the  antihormone  treatment  and  prevention  of  breast  cancer  fro  the 

208  next  20  years.  Despite  all  the  “ups  and  downs”  of  the  story,  tamoxifen  remains  a 

209  cheap  and  effective  lifesaving  drug  around  the  world.  Indeed,  the  concept  first 

210  described  by  our  studies  in  the  1970s  that  “longer  was  better”  as  the  treatment 

211  strategy  for  adjuvant  therapy  with  tamoxifen  for  patients  with  ER-positive  breast 

212  cancer  continues  to  go  from  strength  to  strength  in  clinical  trial.  Ten  years 

213  of  adjuvant  therapy  is  now  known  to  be  superior  to  5  years  of  adjuvant  therapy, 

214  but  the  profound  decrease  in  mortality  occurs  during  the  decade  after  stopping 

215  tamoxifen  at  10  years  [12].  Again,  there  is  a  prediction  we  made  in  the  1990s 

216  that  tamoxifen  causes  the  evolution  of  drug  resistance  in  the  undetected 

217  micrometastases  that  exposes  a  vulnerability  to  estrogen-induced  apoptosis  in  the 

218  tumor  cells  [13]. 

219  Lois  Trench-Hanes  generously  accepted  my  invitation  to  contribute  our  Fore- 

220  word.  She  was  there  at  the  beginning  of  tamoxifen  in  America  and  was  the  one  who 

221  recruited  me,  on  Arthur  Walpole’s  recommendation,  to  advance  the  science  and  to 

222  support  clinical  development.  We  had  many  adventures  over  the  years  but  her 

223  attitude  of  “get  the  job  done”  was  essential  to  the  start  of  this  milestone.  She  was  a 

224  force  to  be  reckoned  with,  that  through  her  willingness  to  see  the  project  succeed  for 

225  her  company  by  establishing  the  correct  clinical  contacts  not  only  propelled  tamox- 

226  ifen  forward  but  helped  my  career  development.  She  and  her  husband  George  are 
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lifelong  friends  and  Lois  is  a  godmother  to  my  youngest  daughter  Alexandra 
(see  pictures  in  Lois’s  Foreword). 

This  monograph  has  been  assembled  by  my  Tamoxifen  Team  (VCJ)  at  the 
Lombardi  Comprehensive  Cancer  Center  at  Georgetown  University,  Washington, 
DC.  It  is  intended  to  illustrate  and  document  the  real  journey  traveled  by  this 
milestone  in  medicine. 

V.  Craig  Jordan 
Russell  E.  McDaniel 
Philipp  Y.  Maximov 
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Abstract  The  application  of  synthetic  organic  chemistry  to  establish  the  simplest 
basic  structure  of  estrogenic  compounds  was  a  major  triumph  for  medicinal  chem¬ 
istry  in  the  1930s.  Two  groups  of  compounds  were  discovered:  the  hydroxylated 
stilbenes  with  high  potency  and  rapid  excretion  and  the  triphenylethylenes  with 
high  lipophilicity,  metabolic  activation,  and  a  very  long  duration  of  action.  A  study 
of  structure-function  relationships  in  laboratory  animals  would  result  in  the  use  of 
high-dose  estrogen  treatment  for  metastatic  breast  cancer  in  postmenopausal 
patients  in  the  1940s.  The  triphenylethylene -based  antiestrogens  would  evolve 
into  the  nonsteroidal  antiestrogens  that  in  the  1960s  were  predicted  to  be  potential 
postcoital  contraceptives  in  women  based  on  compelling  rodent  studies.  This 
application  did  not  succeed  and  enthusiasm  for  clinical  development  waned. 

Introduction 

It  is  now  more  than  75  years  since  the  first  compound,  with  known  chemical 
structure,  was  shown  to  produce  estrogenic  effects  in  animals  [1]  (Fig.  1.1,  com¬ 
pound  1).  Since  that  time,  thousands  of  compounds  have  been  screened  for  estro¬ 
genic  activity.  During  the  past  50  years,  the  early  events  involved  in  the  molecular 
mechanism  of  action  of  estrogens  in  their  target  tissues  (e.g.,  vagina,  uterus, 
pituitary  gland,  or  breast),  via  the  estrogen  receptor  (ER),  have  been  described 
[2-A].  In  this  opening  chapter,  we  will  describe  how  the  structure-function 
relationships  of  nonsteroidal  estrogens  set  the  stage  for  the  serendipitous 
discoveries  of  nonsteroidal  antiestrogens  and  the  selective  estrogen  receptor 
modulators  (SERMs).  The  story,  with  its  twists  and  turns,  is  more  about  people 
and  the  exploitation  of  opportunities  by  individuals  than  a  plan  implicated  in  the 
drug  development  department  of  any  pharmaceutical  company. 
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Fig.  1.1  Formulae  of  compounds  found,  in  the  1930s,  to  have  estrogenic  activity  in  vivo. 
Compound  2  was  believed  to  be  the  molecular  structure  of  ketohydroxyestrin  (estrone).  This  is 
now  known  to  be  incorrect  and  compound  3  is  estrone 

28  Testing  Methods  for  Estrogen 

29  To  discover  new  knowledge  about  the  control  of  fertility  by  hormones,  animal 

30  models  are  required  to  detect  target  tissue-specific  effects  of  test  compounds.  The 

31  Allen-Doisy  test  [5]  depends  upon  the  induction  of  vaginal  cornification  in  castrate 

32  animals  60-80  h  after  the  subcutaneous  administration  of  estrogens.  A  colony  of 

33  animals  is  ovariectomized  and  used  for  assays  2  weeks  later.  To  maintain  the 

34  sensitivity  of  the  colony  and  retard  atrophy  of  the  uterus  and  vagina  [6],  the  animals 

35  are  primed  with  1  pg  estradiol  (SC)  every  6  weeks.  The  animals  are  not  used  for 

36  2  weeks  following  either  priming  or  experimental  use.  However,  it  is  often  wise  to 
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screen  the  animals  by  the  vaginal  smear  technique  to  check  for  incomplete  ovari¬ 
ectomy  or  test  compounds  with  prolonged  biological  activity.  This  technique 
accurately  identified  a  “principle”  that  Allen  and  Doisy  called  estrogen  in  ovarian 
follicular  fluid  [5]. 

Direct  administration  of  estrogens  into  the  vagina  increases  the  sensitivity  of  the 
Allen-Doisy  test  and  comification  occurs  earlier  since  the  response  is  not  dependent 
upon  distribution  and  metabolism  [7,  8].  Emmens  [7-10]  assayed  and  evaluated  the 
structural  derivatives  of  stilbene  and  triphenylethylene  by  both  intravaginal  and 
systemic  Allen-Doisy  tests.  This  early  work  accurately  established  the  relative 
potency  of  the  test  compounds. 

Martin  and  Claringbold  [11]  developed  the  intravaginal  assay  to  study  the  early 
events  of  estrogen  stimulation  by  using  the  increase  in  vaginal  mitoses  and  vaginal 
epithelium  thickening  as  measures  of  the  estrogenic  response.  Martin  [12]  further 
showed  that  the  reduction  of  2,3,5-triphenyhetrazolium  chloride  to  formazan  in 
epithelial  cells  of  the  vagina  following  the  local  application  of  estrogens  could  form 
the  basis  of  a  sensitive  assay  procedure  for  early  estrogenic  events. 

The  increase  in  uterine  weight  of  young  castrate  rats  was  used  to  determine 
systemic  estrogen  and  activity  by  Biilbring  and  Burn  [13].  The  preparation  of 
castrate  animals  has  been  found  to  be  an  unnecessary  step,  and  immature  rats  or 
mice  are  usually  used  [14,  15].  Estrogens  induce  a  rapid  early  imbibition  of  water 
by  the  uterus,  and  this  effect  was  used  in  the  6-h  assay  of  estrogens  by  Astwood 
[16].  However,  this  technique  cannot  distinguish  between  full  estrogens  and  partial 
agonists  and  also  suffers  from  differences  in  the  release  of  test  compounds  from  the 
injection  site  which  will  ultimately  affect  the  time  course  of  the  uterine  response. 
Most  assays  utilize  a  3-day  injection  technique  to  stimulate  full  uterine  growth  [17]. 

Potential  estrogenic  activity  can  be  inferred  for  a  compound  by  its  ability  to 
inhibit  the  binding  of  [3H] estradiol  to  its  target  tissues  in  vivo  [18,  19].  However, 
many  nonsteroidal  antiestrogens  produce  the  same  effect  [20,  21]  so  this  effect 
cannot  be  assumed  to  predict  biological  activity.  Similarly,  the  ability  of  a  com¬ 
pound  to  inhibit  the  binding  of  [3H]  estradiol  to  ERs  in  vitro  suggests  a  potential 
mechanism  of  action  via  the  ER  but  again  this  alone  cannot  predict  biological 
activity,  i.e.,  agonist  or  antagonist  actions  [22].  Armed  with  the  bioassay  technique 
in  vivo,  a  host  of  compounds  were  screened  during  the  1930-1 960s  to  find  potential 
novel  agents  for  clinical  applications. 


Structure-Activity  Relationships  of  Estrogens 

The  pioneering  studies  by  Sir  Charles  Dodds  laid  the  foundation  for  all  the 
subsequent  research  on  the  structure-activity  relationships  of  nonsteroidal 
estrogens.  The  1930s  saw  a  remarkable  expansion  of  knowledge  that  culminated 
in  the  description  of  the  optimal  structural  requirements  in  a  simple  molecule  to 
produce  estrogen  action.  The  first  compound  of  known  structure  (l-keto-1,2,3,4- 
tertrahydrophenanthrene)  (Fig.  1.1,  compound  1)  to  be  found  to  have  estrogenic 
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78  activity  [1]  was  tested  because  of  its  structural  similarity  to  the  presumed  structure 

79  of  ketohydroxyestrin  (Fig.  1.1,  compound  1).  As  it  turned  out,  the  structure  of  the 

80  natural  steroid  (estrone)  was  incorrect  (Fig.  1.1,  compound  2),  but  this  did  not 

81  matter;  the  fact  that  nonsteroidal  compounds  can  exhibit  estrogenic  properties  was 

82  established.  A  phenanthrene  nucleus  was  later  found  to  be  unnecessary  for  estro- 

83  genic  activity  [23].  Simple  bisphenolic  compounds  are  active  (Fig.  1.1,  compounds 

84  4-7)  and,  as  will  be  seen  later  in  this  chapter,  this  is  a  recurrent  feature  of  many 

85  nonsteroidal  estrogens.  The  finding  that  hydroxystilbenes  (Fig.  1.1,  compounds 

86  8-10)  possess  potent  estrogenic  activity  provided  a  valuable  clue  that  stimulated 

87  a  systematic  investigation  of  analogs  to  optimize  the  potency.  At  this  time,  an 

88  interesting  side  issue  occurred  that  deserves  comment,  as  it  illustrates  how  parallel 

89  research  endeavors  can  eventually  reach  the  same  conclusions.  Anol,  a  simple 

90  phenol  derived  from  anethole  (Fig.  1.2),  was  reported  to  possess  extremely  potent 

91  estrogenic  activity  with  1  pg  capable  of  inducing  estrus  in  all  rats  [24].  These  results 

92  were  not  confirmed  with  different  preparations  of  anol  [25,  26],  but  it  was  found 

93  that  dimerization  of  anol  to  dianol  (Fig.  1 .2)  can  occur  and  this  impurity,  which  was 

94  known  to  have  potent  estrogenic  [27]  properties,  was  the  compound  responsible  for 

95  the  controversy  [27].  At  this  time,  Dodds  reported  [28-30]  that  diethyl  substitution 

96  at  the  ethylenic  bond  of  stilbestrol  (Fig.  1.2)  produces  an  extremely  potent  estrogen 

97  [31];  other  substitutions  produce  less  active  compounds  [28,  32].  The  structural 

98  similarity  between  diethylstilbestrol  and  estradiol  (the  formula  was  established  by 

99  1938)  was  noted,  but  an  attempt  to  mimic  the  rigid  steroid  structure  by  the  synthesis 

100  of  dihydroxyhexahydrochrysene  (Fig.  1.2)  resulted  in  a  drop  in  estrogenic  potency. 

101  Dihydroxyhexahydroxchrysene  is  approximately  1/2,000  as  potent  as 

102  diethylstilbestrol  [23]. 

103  There  was  considerable  interest  in  the  development  of  a  long-acting  synthetic 

104  estrogen  because  of  the  potential  for  clinical  application.  The  duration  of  action  of 

105  diethylstilbestrol  can  be  increased  dramatically  by  esterification  of  the  phenolic 

106  groups  [28].  A  10-pg  dose  of  diethylstilbestrol  dipropionate  can  produce  estrus  for 

107  more  than  50  days,  while  the  phenol  at  the  same  dose  is  active  for  only  5  days.  The 

108  simple  hydrocarbon  triphenylethylene  (Fig.  1.1,  compound  11)  is  a  weakly  active 

109  estrogen  [33],  but  10  mg  can  produce  vaginal  cornification  in  mice  for  up  to 
no  9  weeks.  Replacement  of  the  free  ethylenic  hydrogen  with  chlorine  (Fig.  1.1, 
in  compound  12)  increases  the  potency  and  duration  of  action  by  subcutaneous 

112  administration  [34],  but  when  administered  orally,  triphenylchloroethylene  has  a 

113  similar  duration  or  action  as  diethylstilbestrol  or  estradiol  benzoate.  In  the  search 

114  for  orally  active  agents,  Robson  and  Schonberg  [35]  showed  that  DBE  (Fig.  1.2) 

115  was  very  effective  by  the  oral  route.  The  long  duration  of  action  is  related  to  depot 

116  formation  in  body  fat  [36],  but  DBE  did  not  reach  clinical  trial.  The  related 

117  compound  trianisylchloroethylene  (TACE)  became  available  clinically  as  a  long- 

118  acting  estrogen  (Fig.  1.2).  TACE  is  stored  in  body  fat  for  prolonged  periods 

119  [37-39].  It  was  around  the  mid- 1940s  and  early  1950s  that  the  discovery  that 

120  high-dose  synthetic  estrogens  could  cause  the  regression  of  about  30  %  of  meta- 

121  static  breast  cancers  in  postmenopausal  women  became  the  standard  of  care  for  the 

122  treatment  of  breast  cancer  [40,  41].  This  is  interesting  not  only  because  this  was  the 
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aa  di  (p-  ethoxy  phenyl)  Tri-p-anisytchloroethylene 

B  phenyl  bromoethylene  (TACE) 

(DBE) 

Fig.  1.2  Formulae  of  nonsteroidal  compounds  with  estrogenic  (or  suspected)  activity  in  vivo 

first  time  a  chemical  therapy  was  shown  to  cause  regression  of  cancer  but  also  the  123 
compounds  that  Haddow  used  were  made  and  provided  by  chemists  at  Imperial  124 
Chemical  Industries  (ICI).  High-dose  synthetic  estrogen  therapy  was  to  remain  the  125 
standard  of  care  for  the  palliative  treatment  of  breast  cancer  until  the  late  1970s  126 
early  1980s  when  another  synthetic  estrogen  derivative,  also  produced  by  chemists  127 
at  ICI  pharmaceutical  division.  ICI  46,474  (later  to  be  known  as  tamoxifen)  would  128 
revolutionize  breast  cancer  treatment  and  prevention.  This  is  the  story  of  this  book.  129 
The  first  25  years  established  many  of  the  important  structural  features  that  130 
govern  the  potency  and  duration  of  action  of  estrogens.  This  is  a  remarkable  feat  of  131 
structure-functional  relationships  without  knowledge  of  the  ER  target.  We  will  now  132 
briefly  consider  the  evolving  subcellular  mechanism  of  estrogen  action  in  its  target  133 
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134  tissues  before  describing  the  structure -activity  relationships  and  pharmacological 

135  properties  of  the  nonsteroidal  antiestrogens. 


136  Estrogen  Action 

137  The  reason  for  the  target  site  specificity  of  the  estrogens  remained  obscure  until  the 

138  synthesis  of  tritium-labeled  compounds  with  high  specific  activity.  The  synthesis  of 

139  [3H]hexestrol  (reduction  of  diethylstilbestrol  with  tritium  and  a  palladium  catalyst) 

140  by  Glascock  working  with  Sir  Charles  Dodds  [42]  and  the  subsequent  observation 

141  that  there  was  binding  of  hexestrol  in  the  uterus,  vagina,  mammary  glands,  and 

142  pituitary  gland  of  immature  female  goats  and  sheep  [43]  provided  the  first  evidence 

143  for  the  target  tissue  localization  of  estrogens.  The  subsequent  applications  of  [3H] 

144  hexestrol  to  determine  hormone  responsiveness  in  metastatic  breast  cancer  was  a 

145  big  step  in  our  antiestrogen  story  [44].  The  subsequent  fundamental  study  by  Jensen 

146  and  Jacobson  [2]  of  the  distribution  and  binding  of  [3H]  estradiol  in  the  immature  rat 

147  demonstrated  that  estradiol  selectively  binds  to,  and  is  retained  by,  the  uterus, 

148  vagina,  and  pituitary  gland.  These  systematic  studies  suggested  there  is  a  specific 

149  receptor  for  estradiol  in  its  target  tissues.  The  biochemical  identification  of  an 

150  estrogen-binding  protein  in  the  immature  rat  uterus  and  the  observation  that  [3H] 

151  estradiol  becomes  located  in  the  receptor  nucleus  of  the  cell  provided  a  model  to 

152  describe  the  initiation  of  estrogen-stimulated  events.  The  early  evidence  for  an  ER 

153  system  has  been  described  [3,  4].  Simply  stated,  the  estrogen  dissociates  from 

154  plasma  proteins  and  readily  diffuses  into  the  cell.  Initially  it  was  thought  that  the 

155  cytoplasmic  ER  binds  the  ligand  and  the  resulting  receptor  complex  is  activated 

156  before  translocation  to  the  nucleus.  Interaction  with  nuclear  acceptors  (now  referred 

157  to  as  promoter  regions  of  estrogen-responsive  gene)  results  in  the  activation  of 

158  RNA  and  DNA  polymerases  to  initiate  subsequent  protein  synthesis  and  cell 

159  proliferation,  respectively.  There  were,  however,  an  increasing  number  of 

160  observations  that  were  inconsistent  with  the  classical  two-step  hypothesis.  These 

161  reports  have  been  reviewed  [45].  Two  innovative  approaches  to  the  question  of  the 

162  actual  subcellular  localization  of  unoccupied  ER  deserve  comment.  These  methods, 

163  which  did  not  require  cellular  disruption,  settle  the  issue  of  where  the  unoccupied 

164  receptors  resided  in  the  cell.  Therefore,  if  it  was,  in  fact,  cell  disruption  that  causes 

165  the  unoccupied  receptor  to  “fall  out  of  the  nucleus”  but  ER  complexes  are  “stuck” 

166  in  the  nucleus,  this  would  explain  the  early  translocation  model.  Indeed,  a  series  of 

167  studies  with  weakly  binding  antiestrogens  injected  into  the  immature  rat  arrived  at 

168  the  same  conclusion  [46].  Monoclonal  antibodies  raised  to  the  ER  were  used  as  tags 

169  for  immunohistochemical  studies.  The  antibody  is  linked  to  a  peroxidase  enzyme 

170  system  to  visualize  the  receptor,  which  appears  to  be  located  exclusively  in  the 

1 71  nuclear  compartment,  even  in  the  absence  of  estrogen  [47] .  The  other  approach  was 

172  to  enucleate  ER-containing  GH3  rat  pituitary  tumor  cells  with  cytochalasin 

173  B.  Unoccupied  receptors  are  observed  in  nucleoplasts  rather  than  cytoplasts 

174  [48].  Similar  studies  were  subsequently  published  using  estrogen-free  culture  of 
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ER-positive  MCF-7  breast  cancer  cells  [49].  Although  it  was  possible  that  these 
studies  were  generating  artifactual  results,  the  simplified  model  of  estrogen  action, 
i.e.,  unoccupied  ER  is  a  nuclear  protein,  is  now  considered  to  represent  subcellular 
events  in  vivo. 


Nonsteroidal  Antiestrogens 

The  finding  by  Lemer  and  co workers  [50]  that  the  compound  ethamoxytriphetol 
(MER  25,  Fig.  1.3)  is  an  inhibitor  of  estrogen  action  provided  a  new  tool  for 
laboratory  research  and  clinical  investigation.  It  is  of  considerable  interest  that 
MER  25  had  been  synthesized  as  part  of  a  cardiovascular  pharmacology  program 
and  only  found  its  way  to  endocrine  testing  at  Dr.  Lemer ’s  request.  Lemer  had 
spotted  that  MER  25  looked  like  the  nonsteroidal  triphenylethylenes  so  he  wanted 
to  test  it  for  estrogenic  properties.  There  were  none  but  he  discovered  the  first 
nonsteroidal  antiestrogen.  MER  25  was  subsequently  found  to  have  antifertility 
properties  in  the  rat  [51-53],  so  clinical  use  as  an  oral  contraceptive  seemed  logical. 
Preliminary  clinical  trials  with  MER  25  were  scientifically  successful  [54-56]; 
however,  the  clinical  studies  were  discontinued  because  of  low  potency  and  toxic 
side  effects.  In  the  search  for  new  compounds,  a  structural  derivative  of  tripheny- 
lethylene,  clomiphene  (also  called  chloramiphene  or  MRL  41;  in  Fig.  1.3,  the 
generic  isomers  enclomiphene  and  zuclomiphene  are  shown.  Clomiphene  is  a 
mixture  of  isomers)  was  found  to  be  a  potent  antifertility  agent  in  rats  [57,  58] 
and  it  became  the  forerunner  of  many  structurally  similar  compounds  that  were 
synthesized  and  tested  as  potential  postcoital  antifertility  agents  [59-64].  The 
spectrum  of  compounds  was  reviewed  by  Emmens  [65]. 


Structure-Activity  Relationships  in  the  Rat 

There  are  no  published  reports  specifically  documenting  the  structure-activity 
relationships  of  MER  25.  Apart  from  one  triphenylethane  MRL  37,  with  a  hydrogen 
substituted  for  MER  25 ’s  alcoholic  hydroxyl  [53,  66],  most  interest  has  focused  on 
compounds  related  to  triphenylethylene.  The  original  antiestrogens  can  be  classi¬ 
fied  into  two  major  groups:  substituted  triphenylethylenes  and  bicyclic 
antiestrogens. 


Substituted  Triphenylethylenes 
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Early  studies  with  clomiphene  used  a  mixture  of  geometric  isomers  [53,  57,  206 
58].  The  cis  and  trans  isomers  were  separated  [67]  and  each  has  been  reported  to  207 
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l-TI \  A MOX V TR I  PM  E TOL  < M E R25 ) 


ENG  LOM I  PHENE 


C 1628 


TAMOXIFEN  (1CI  46,474) 


NAFOXIDINEOM I JOOA)  TRJOX1FENE  CENTCH ROMAN 

Fig.  1.3  The  formulae  of  nonsteroidal  antiestrogens  mentioned  in  the  text.  Zuclomiphene  and  ICI 
47,699  are  the  estrogenic  geometric  isomers  of  the  antiestrogenic  enclomiphene  and  ICI  46,474 
(tamoxifen) 


208  possess  different  biologic  activities  [68-70];  however,  some  controversy 

209  surrounded  the  designation  of  the  isomers  in  relation  to  their  observed  biologic 

210  properties.  They  were  originally  labeled  as  geometric  isomers!  It  is  now  clear  that 

211  the  trans  isomer  enclomiphene  (originally  named  isomer  B  or  cis  clomiphene)  has 
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antiestrogenic  properties  in  the  rat,  whereas  the  cis  isomer  zuclomiphene  (originally 
named  isomer  A  or  trans  clomiphene)  is  estrogenic  (Fig.  1.3).  Comparison  of  the 
isomers  of  tamoxifen  and  enclomiphene  in  the  uterine  weight  test  demonstrated 
only  minor  differences  in  their  dose-response  curves  [71].  Parenthetically,  in  1972, 
during  the  examination  of  my  Ph.D.  entitled  “A  study  of  the  oestrogenic  and  anti- 
oestrogenic  activities  of  some  substituted  triphenylethylenes  and  triphenylethanes,” 
I  was  asked  by  my  external  examiner  Dr.  Arthur  Walpole,  head  of  the  fertility 
program  of  ICI  Pharmaceutical  Division,  why  the  biological  properties  of  the 
geometric  isomers  of  clomiphene  and  tamoxifen  were  opposite?  I  replied  it  was 
obviously  the  influence  of  the  chlorine  in  clomiphene,  never  considering  that  the 
geometric  isomers  of  clomiphene  were  misidentified.  Walpole  knew  that! 

The  fundamental  importance  of  the  geometric  shape  of  a  molecule  for 
antiestrogenic  activity  was  realized  after  the  report  by  Harper  and  Walpole  [72] 
of  the  contrasting  biological  properties  of  the  cis  and  trans  isomers  of  substituted 
triphenylethylenes.  Tamoxifen  (ICI  46,474)  and  its  cis  isomer  ICI  47,699  (Fig.  1.3) 
have  been  identified  by  nuclear  magnetic  resonance  [73]  and  the  structure  of  ICI 
47,699  confirmed  as  the  cis  isomer  by  X-ray  crystallography  [74].  The  simulta¬ 
neous  administration  of  tamoxifen  with  estradiol  to  immature  rats  prevents  the 
increases  in  uterine  wet  weight  or  vaginal  cornification  observed  with  estradiol 
alone.  In  contrast,  ICI  47,699  is  only  estrogenic  in  conventional  tests  [75];  however, 
very  high  doses  have  been  shown  to  inhibit  estradiol  action  in  the  uterus  [71]. 

p-Methoxy-substituted  derivatives  of  tamoxifen  have  been  synthesized  and 
tested  [76]  but  this  type  of  structural  modification  does  not  increase  antiestrogenic 
activity. 

CI628  (CN-55,  945-27)  (Fig.  1.3)  is  an  estrogen  antagonist  in  the  rat  [77].  The 
isomeric  mixture  was  used  only  briefly  for  the  experimental  treatment  of  advanced 
breast  cancer;  however,  there  is  a  considerable  literature  on  the  use  of  CI628  in 
studies  with  the  human  breast  cancer  ER  in  vitro  [78].  It  is  an  antitumor  agent  in  the 
rat  mammary  carcinoma  model  [79].  There  is  no  information  on  the  biological 
properties  of  the  separated  geometric  isomers;  both  appear  to  be  antiestrogenic  [71]. 


Bicyclic  Antiestrogens 

Scientists  at  the  Upjohn  Company,  Kalamazoo,  MI,  focused  much  attention  on  the 
structure-activity  relationships  and  properties  of  bicyclic  (fixed  ring)-based  nonste¬ 
roidal  antiestrogens  [59-61].  Simple  hydroxylated  indenes  [80,  81]  that  are  super¬ 
ficially  related  to  the  structure  of  DES  are  potent  estrogens.  The  structure-activity 
relationships  of  the  indene  nucleus  have  been  investigated  in  the  search  for  potent 
antifertility  relationships  [59]  (Fig.  1.4).  The  6-methoxy  group  is  an  advantage  for 
activity  but  potent  antifertility  activity  is  determined  by  the  substituted  amine 
ethoxy  side  chain.  Optimal  activity  is  observed  with  the  pyrrolidino  side  chain 
(IND  1,  Fig.  1.4)  and  other  substituted  side  chains  (IND  2,  3,  4)  have  reduced 
activity.  A  morpholino  side  chain  (IND  5)  produces  a  compound  with 
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Fig.  1.4  The  relative  antifertility  activity  of  substituted  indenes  in  the  rat  (Data  adapted  from 
Lednicer  et  al.  [59]) 


253  approximately  1  %  of  the  activity  of  IND  1  with  the  pyrrolidino  side  chain.  In  the 

254  same  study,  Lednicer  and  co workers  [59]  showed  that  the  6  phenols  of  IND  4  had 

255  approximately  5  %  of  the  potency  of  the  methoxy  compound.  Hydroxylated 
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derivative  might  be  expected  to  have  a  shorter  duration  of  action  so  that  larger  doses 
will  be  required  to  maintain  adequate  drug  levels. 

The  3,4-dihydronaphthalenes  further  exemplify  the  importance  of  the 
substituted  side  chain  for  optimal  activity  (Fig.  1.5).  Nafoxidine  (see  Fig.  1.3  for 
comparison  with  other  nonsteroidal  antiestrogens)  is  the  most  potent  compound  of 
the  series  although  the  ether  oxygen  of  the  side  chain  can  be  replaced  by  carbon 
with  very  little  loss  of  potency.  However,  decrease  in  the  length  of  the  side  chain 
(NAF  1-3)  (Fig.  1.5)  reduces  the  antiestrogenic  potency  and  in  fact,  removal  of  the 
side  chain  (NAF  6)  results  in  the  complete  loss  of  the  antagonist  activity.  The 
resulting  compounds  are  estrogens  [60,  61].  These  observations  led  Lednicer  et  al. 
[60]  to  suggest  that  a  basic  group,  at  a  given  position  in  space,  is  required  to  obtain  a 
molecule  with  estrogen  antagonist  activity.  This  point  of  view  is  further  supported 
by  the  observation  that  dimethylation  ortho  to  the  aminoethoxy  side  chain  in 
MER25  [82]  and  tamoxifen  [83]  reduces  antiestrogen  activity  and  receptor  binding, 
respectively.  The  methyl  substitutions  reduce  the  number  of  positions  in  space  that 
the  side  chain  can  adopt.  A  series  of  derivatives  of  tamoxifen  with  different  polar 
side  chains  had  been  investigated  [84].  The  resulting  biological  activity  related  to 
structure  is  shown  in  Fig.  1.6.  Trioxifene  (available  as  the  mesylate  salt  LY133314, 
Fig.  1.3)  has  been  described  [85]  and  phase  I  trials  as  a  potential  agent  for  breast 
cancer  therapy  were  completed,  but  the  drug  was  not  developed.  The  unusual 
structural  feature  of  trioxifene  (Fig.  1.3)  is  the  introduction  of  a  ketone  group 
linking  the  p-alkylaminoethoxyphenyl  ring  to  the  ethylenic  bond.  The  structure 
therefore  diverges  from  the  usual  triphenylethylene  type.  This,  in  the  future,  would 
turn  out  to  be  an  important  structural  feature  to  create  the  antiestrogens  with  no 
estrogen-like  actions  in  the  uterus  as  raloxifene. 

Centchroman  (Fig.  1.3)  has  been  studied  in  considerable  detail  in  laboratory 
animals  and  women  as  it  was  investigated  as  a  postcoital  contraceptive  agent  [86, 
87].  The  structure-activity  relationships  of  the  chromans  and  the  unsaturated 
chromenes  have  been  given  considerable  attention.  The  structure  with  the  greatest 
similarity  to  nafoxidine  (a  3,  4-diphenylchromene)  has  very  potent  antifertility 
activity  in  rats.  Substitution  of  hydrogen  for  two  methyl  groups  at  the  2  position 
gives  a  less  active  compound  but  reduction  of  the  3,  4  double  bond  restores  potent 
antifertility  activity  (centchroman).  It  is  important  to  note  that  two  diastereoisomers 
are  possible  for  the  substituted  chroman.  Centchroman  is  the  active  trans  isomer, 
whereas  the  cis  isomer  is  virtually  inactive  [88,  89].  Like  the  3,  4- 
dihydronaphthalenes,  centchroman  is  antiestrogenic  in  the  rat  [90]. 

All  the  nonsteroidal  antiestrogens  have  an  alkylaminoethoxy  side  chain.  As 
previously  noted,  moving  the  group  further  away  from  the  double  bond  with  the 
substitution  of  a  ketone  group  (trioxifene)  does  not  reduce  antiestrogenic  activity. 
Nevertheless,  there  seems  to  be  a  requirement  for  the  nitrogen  on  the  aminoethoxy 
side  chain  to  be  at  a  given  position  in  space.  A  chain  length  of  three  atoms  seems  to 
be  required  to  place  the  nitrogen  group  in  the  optimal  position  [60].  All  of  the 
studies  in  vivo  with  the  structure-function  relationships  of  antiestrogens  as  antifer¬ 
tility  agents  built  up  a  strong  conceptual  model  that  the  antiestrogens  side  chain  was 
interacting  actively  with  a  select  portion  of  the  ER.  Studies  now  evolved  to 
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molecular  mechanisms  in  the  decades  between  1970  and  2000  to  predict  efficacy  of 
the  ER  ligand  complex  based  on  interrogation  of  ligand  ER  interactions. 


The  Molecular  Modulation  of  the  Estrogen  Receptor  by 
Nonsteroidal  Antiestrogens 

The  description  of  the  selective  binding  of  [3H]  estradiol  in  the  estrogen  target 
tissues  of  the  immature  rat  (uterus,  vaginal)  [2]  and  the  subsequent  isolation  of 
the  ER  as  an  extractable  protein  from  the  rat  uterus  [91, 92]  was  not  only  an  advance 
in  molecular  endocrinology  but  also  an  advance  that  would  improve  the  therapeu¬ 
tics  of  breast  cancer.  The  idea  that  by  detecting  the  presence  of  the  ER  in  a  breast 
tumor  would  soon  evolve  from  being  a  prediction  test  to  decide  the  appropriateness 
of  endocrine  ablative  surgery  to  become  the  target  for  antiestrogenic  drugs  was  an 
important  conceptual  step  [93].  Once  it  was  found  that  the  ER  was  extractable  in  the 
1960s,  it  was  possible  to  study  and  understand  the  binding  of  ligands  to  the  ER  and 
perhaps  gain  an  insight  into  the  mechanism  of  action  of  estrogens  and  antiestrogens. 
Early  studies  of  the  competitive  binding  of  estrogens  and  antiestrogens  with  [3H] 
estradiol  for  the  ER  in  vitro  [94,  95]  were  unable  to  distinguish  between  estrogens 
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Fig  1.6  The  effect  of  different  side  chains  on  the  antiestrogenic  activity  of  tamoxifen  (Data 
adapted  from  Robertson  et  al.  [84]) 


and  antiestrogens  biologically.  All  that  could  be  concluded  was  that  antiestrogens  317 
had  low  binding  affinity  for  the  ER  and  this,  it  was  argued,  was  why  such  large  318 
doses  were  necessary  to  block  estrogen  action  [94].  Also,  it  was  concluded  that  the  319 
low  affinity  of  antiestrogens  for  the  ER  was  part  of  their  mechanism  of  action:  the  320 
ligand  would  not  remain  long  enough  bound  to  the  receptor  to  activate  estrogen  321 
action  [94].  This  proposal  was  all  to  change  with  the  discovery  of  the  pharmaco-  322 
logical  properties  of  4-hydroxytamoxifen,  a  metabolite  of  tamoxifen  then  thought  323 
to  be  the  principal  metabolite  of  tamoxifen  [96] .  4 -Hydroxy tamoxifen  has  a  binding  324 
affinity  for  the  ER  equivalent  to  estradiols,  so  if  it  was  possible  to  have  high  affinity  325 
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326  antiestrogens,  then  low  affinity  was  not  the  mechanism  of  antiestrogen  action.  The 

327  shape  of  the  resulting  complex  was  the  key  to  efficacy  and  the  subsequent  modula- 

328  tion  of  signal  transduction.  4-Hydroxytamoxifen  was  subsequently  adopted  as  the 

329  standard  laboratory  antiestrogen  in  cell  culture  and  20  years  later  was  used  as  an 

330  antiestrogenic  ligand  to  be  crystallized  with  the  ligand-binding  domain  of  the 

331  human  ER  [97]. 

332  In  the  1970s,  what  was  needed  was  a  model  cell  system  to  study  the  structure- 

333  function  relationships  of  ligands  that  bind  to  the  ER.  In  this  way,  the  intrinsic 

334  efficacy  of  the  ligand  ER  complex  could  be  deciphered,  without  concerns  about 

335  pharmacokinetics  and  metabolism.  The  ER-positive  breast  cancer  cell  line  MCF-7 

336  had  been  described  [98]  but  the  fact  that  the  cells  apparently  grew  spontaneously  in 

337  culture  and  would  not  respond  to  estradiol  with  growth  but  would  when  inoculated 

338  into  athymic  mice  [99]  led  to  considerable  controversy  in  the  field.  Maybe  estrogen 

339  was  acting  indirectly  to  promote  breast  cancer  growth?  Nevertheless,  tamoxifen  did 

340  block  the  spontaneous  growth  of  MCF-7  cells  and  this  blockade  could  be  reversed 

341  with  estradiol  [100].  Interestingly  enough,  MCF-7  cells,  or  rather  their  ER,  would 

342  be  essential  to  create  the  first  monoclonal  antibodies  to  human  ER  [101,  102]  and 

343  subsequently  be  the  critical  tool  necessary  to  clone  and  sequence  the  human  ER 

344  [103,  104]. 

345  The  first  cell  system  used  to  study  the  modulation  of  the  ligand  ER  complex 

346  in  vitro  was  primary  cultures  of  the  immature  rat  pituitary  gland  [105].  The  target 

347  for  the  ER  was  the  prolactin  gene  [22,  106].  The  first  publication  validated  the 

348  mechanism  of  actions  of  nonsteroidal  antiestrogens  at  the  ER  to  regulate  estrogen- 

349  induced  gene  transcription  as  competitive  inhibition  of  estradiol  binding  to  the  ER 

350  and  that  it  was  an  advantage  but  not  a  requirement  for  an  antiestrogen  to  be 

351  metabolically  activated  [106].  As  with  other  drug  receptor  interactions,  affinity 

352  and  the  intrinsic  efficacy  of  the  drug  receptor  complex  are  not  interconnected  for 

353  drug  action.  Numerous  studies  of  structure-function  relationships  of  tripheny- 

354  lethylenes  described  the  structure-function  relationships  to  modulate  the  ER  corn- 

355  plex  between  the  extremes  for  estrogenic  intrinsic  efficacy  and  complete 

356  antiestrogen  action  [22,  107-111].  The  structure- activity  relationship  [112]  studies 

357  permitted  the  creation  of  a  map  of  the  hypothetical  folding  of  the  ER  complex. 

358  However,  it  was  the  serendipitous  advance  in  deciphering  breast  cancer  cell  repli- 

359  cation  in  vitro  that  was  to  enhance  the  interpretation  of  all  future  laboratory  studies. 

360  In  the  mid-1980s,  the  Katzenellenbogen  laboratory  [113]  made  the  critical 

361  discovery  that  ER-positive  breast  cancer  cells  had  all  been  cultured  in  media 

362  containing  high  concentrations  of  a  pH  indicator,  phenol  red  that  contained  a 

363  contaminant  that  was  an  estrogen  (Fig.  1.7)  [114,  115]  (note:  this  is  reminiscent 

364  of  the  anol-dianol  controversy).  Removal  of  the  phenol  red  from  media  now 

365  permitted  the  structure -activity  relationship  studies  of  nonsteroidal  antiestrogens 

366  to  be  extrapolated  from  prolactin  gene  modulation  to  the  replication  of  breast 

367  cancer  cell  lines  [116,  117]. 

368  However,  the  critical  question  to  be  addressed  in  molecular  pharmacology  was 

369  “what  is  the  essential  interaction  of  the  antiestrogenic  side  chain  with  the  ER  that 

370  modulates  estrogen-like  and  antiestrogen  action?”  A  simple  estrogen/antiestrogen 
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Fig.  1.7  pH  indicator  phenol  red  and  contaminant  bis(4-hydroxyphenyl)-[2-9phenoxy-sulfonul- 
phenyl] methane  found  in  the  growth  medium  that  produced  estrogenic  effect  of  the  MCF-7  cell 
line  [114,  115] 

model  of  the  ER  had  been  proposed  as  the  “crocodile  model”  [118]  with  the  jaws 
closed  for  estrogen  action  and  the  antiestrogen,  a  stick  in  the  jaws  to  keep  them 
open  for  antiestrogen  action  (Fig.  1.8).  An  antiestrogenic  region  (AER)  that 
interacts  with  the  appropriately  positioned  alkylaminoethoxy  side  chain  on  the 
ligand  backbone  had  been  proposed  previously  [22,  112,  118],  but  how  to  find  it? 
Several  advances  were  necessary  before  progress  could  occur.  A  model  of  acquired 
drug  resistance  to  tamoxifen  in  athymic  mice  needed  to  be  developed,  the  ER 
needed  to  be  screened  for  mutations  in  drug  resistant  MCF-7  breast  tumors,  and  ER 
needed  to  be  stably  transfected  into  ER-negative  breast  cancer  cell  and  suitable 
gene  modulated.  All  this  was  done  to  propose  a  hypothetical  modulation  of  the 
antiestrogen  ER  complex  prior  to  the  crystallization  of  the  ligand-binding  domain 
with  estradiol  and  raloxifene  [119].  A  biological  clue  was  found  in  the  human  ER 
that  would  complement  the  structural  knowledge  of  the  ligand  ER  binding  domain 
complex  with  functional  information  at  a  transforming  growth  factor-alpha  (TGFa) 
gene  target. 

A  mutation,  asp  351  tyr,  was  noted  in  one  MCF-7  tumor  cell  line  with  acquired 
resistance  to  tamoxifen  [120].  The  first  transfection  of  the  wild- type  ER  [121]  into 
the  ER-negative  breast  cancer  cell  line  MDA-MB-231  eventually  allowed  any 
mutant  ER  to  be  transfected.  The  introduction  of  ERs  with  ligands  could  now  be 
monitored  at  the  estrogen-responsive  binding  domain  with  4-hydroxytamoxifen 
and  raloxifene  [97,  119]  indicating  that  while  raloxifene’s  side  chain  shielded  and 
possibly  neutralized  Asp351,  the  side  chain  of  tamoxifen  was  shorter  and  barely 
interacted  with  Asp  351.  To  address  the  hypothesis  that  the  side  chain  was 
preventing  the  interaction  of  Asp  351  with  activating  function  1  (AF-1)  motif  of 
the  ER,  ER  complex  was  interrogated  using  mutations  of  Asp  351  and  structural 
derivation  of  raloxifene  [122-125]  (Fig.  1.6).  It  was  concluded  that  this  amino  acid 
was  important  to  alter  surface  interactions  with  other  co-regulators  of  hormone 
action. 

The  modulation  of  the  ER  complex  through  coactivator  proteins  went  some  way 
to  explain  SERM  action,  i.e.,  nonsteroidal  antiestrogens  switching  on  and  switching 
off  sites  around  a  woman’s  body.  But  long  before  this  concept  was  discovered 
and  described  in  the  mid-1980s  [126],  the  literature  was  full  of  examples  of  the 
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Fig.  1.8  The  “crocodile”  model  of  antiestrogenic  action  of  4-hydroxytamoxifen  and  its  interac¬ 
tion  with  the  antiestrogenic  region  of  the  ER  [118],  as  well  as  the  X-ray  crystallography  of  the 
ligand-binding  domain  (LBD)  of  the  ER  interacting  with  the  raloxifene  piperidine  ring  via  its 
Asp351  and  thus  producing  an  antagonistic  conformation  of  the  receptor  and  antiestrogenic 
biological  effect  (Front  cover  of  [185]) 

species-specific  pharmacology  of  nonsteroidal  antiestrogens.  We  will  illustrate  this 
now  but  no  adequate  explanation  has  yet  been  offered  or  proven  to  explain  the 
diverse  pharmacology  in  different  species. 


406  Effect  of  Antiestrogens  in  Different  Species 

407  Lerner  and  coworkers  [127]  reported  that  the  compound  MER  25  antagonizes  the 

408  actions  of  estradiol  in  rats  and  mice  with  no  other  demonstrable  hormonal  or 

409  antihormonal  activity.  In  contrast,  Emmens  [128]  found  MER  25  to  be  only  weakly 

410  active  as  an  inhibitor  of  estradiol- stimulated  vaginal  comification  in  the  ovariecto- 

411  mized  mouse.  Nevertheless,  the  original  claim  of  antiestrogenic  activity  has  been 
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adequately  confirmed  in  a  variety  of  interesting  models.  MER  25  inhibits  diethyl- 
stilbestrol  or  estradiol-stimulated  increases  in  the  reticuloendothelial  system  [129] 
of  the  ovariectomized  mouse.  In  the  mature  female  rat,  a  large  dose  of  MER 
25  (20  mg)  inhibits  the  estrogen- stimulated  uterine  ballooning  observed  at  proestrus 
and  doubling  the  dose  also  inhibits  ovulation  [130].  If  MER  25  is  administered  after 
ovulation,  there  is  inhibition  of  the  estrogen- stimulated  DNA,  RNA,  and  protein 
synthesis  that  occurs  during  uterine  decidualization  [131].  The  antiestrogenic  action 
of  MER  25  has  also  been  reported  at  the  level  of  the  pituitary.  Hypertrophy  of  the 
rat  pituitary  by  continued  estrogen  administration  is  inhibited  by  the 
coadministration  of  MER  25  [132].  Similarly,  estrogen- simulated  prolactin  release 
in  the  ovariectomized  rat  can  be  inhibited  by  large  daily  dose  of  MER  25  [133]. 

Although  MER  25  is  notable  for  its  very  low  estrogenic  activity  in  all  species 
tested,  some  estrogenic  responses  in  the  uterus  have  been  quantified.  A  single  dose 
of  MER  25  (5  mg)  increases  ovariectomized  rat  uterine  glycogen,  glucose,  and 
percent  water  inhibition[134].  A  striking  short-lived  increase  in  immature  rat 
uterine  glucose- 6-phosphate  dehydrogenase  activity  and  a  marked  rise  in  uterine 
total  lipid  is  observed  after  a  single  administration  of  MER  25  (10  mg)  [135].  In 
ovariectomized  mice,  MER  25  has  some  estrogenic  activity  as  evidenced  by 
increases  in  uterine  weight  and  a  stimulation  of  the  enzymes  alkaline  phosphatase 
and  isocitrate  dehydrogenase  [76]. 

Overall,  though,  the  pharmacology  of  MER  25  is  established  as  an  estrogen 
antagonist.  Since  the  pharmacology  of  the  related  triphenylethylenes  is  so  complex, 
this  is  presented  in  species-related  groups. 


Mouse 

The  antiestrogens  based  on  triphenylethylene  are  generally  considered  to  be  estro¬ 
genic  in  the  mouse.  However,  this  statement  is  only  true  under  precisely  defined 
conditions.  Tamoxifen  (oral  or  SC)  is  typically  estrogenic  in  the  Allen-Doisy 
(vaginal  smear)  test  using  mature  ovariectomized  mice  [75].  In  comparative  stud¬ 
ies,  tamoxifen  [136,  137]  and  trioxifene  [136]  are  estrogenic  in  the  3-day  ovariec¬ 
tomized  mouse  uterine  weight  test.  Similarly  tamoxifen,  ICI  47,699,  enclomiphene, 
and  zuclomiphene  are  fully  uterotrophic  in  immature  mice  [138]  and  tamoxifen 
does  not  possess  antiuterotrophic  activity  [139].  In  contrast,  nafoxidine  [138]  and 
trioxifene  [136]  are  partially  estrogenic  with  antiestrogenic  properties  in  immature 
mice.  It  is  of  interest  that  trioxifene  appears  to  be  fully  estrogenic  in  mature 
ovariectomized  mice  and  antiestrogenic  in  immature  mice,  while  tamoxifen  is 
more  estrogenic  than  trioxifene  in  both  test  systems  [136].  Lee  [140]  pointed  out 
that  tamoxifen  and  nafoxidine  are  mitogenic  in  the  ovariectomized  mouse  uterus 
and  neither  compound  inhibits  the  mitogenic  response  to  estrone.  However,  daily 
treatment  of  ovariectomized  mice  with  tamoxifen  for  up  to  14  days  reduces  estrone- 
stimulated  uterine  weight  gain  [141].  It  is  possible  that  the  accumulation  of 
tamoxifen  may  alter  the  pharmacology  to  produce  an  inhibitory  effect. 
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453  In  this  context,  SC  administration  of  a  large  dose  of  tamoxifen  (or  related 

454  p-methoxylated  compounds)  to  ovariectomized  mice  produces  a  short  period  of 

455  estrogenic  activity  followed  by  a  prolonged  antiestrogenic  and  antifertility  response 

456  [20,  142,  143].  The  validity  of  the  vaginal  smear  technique  to  assay  prolonged 

457  antiestrogenic  activity  was  initially  questioned  [144]  although  there  is  agreement 

458  about  the  reduced  effectiveness  of  tamoxifen  to  produce  a  fully  cornified  vaginal 

459  epithelium  [145]. 


460  Rat 

461  The  pharmacology  of  antiestrogens  in  the  rat  is  dependent  upon  the  target  tissue  or 

462  biochemical  end  point  being  studied.  For  this  reason  the  effects  of  antiestrogens  in 

463  different  organs  will  be  considered. 

464  All  of  the  nonsteroidal  antiestrogens  are  able  to  stimulate  a  partial  estrogenic 

465  response  in  the  immature  and  ovariectomized  rat  uterus.  Histological  comparisons 

466  of  estrogen  and  antiestrogen- stimulated  uteri  have  demonstrated  selective 

467  differences  in  both  cell  stimulation  and  mitotic  activity.  CI628  [146],  tamoxifen, 

468  4 -hydroxy tamoxifen  [147],  and  nafoxidine  [148]  stimulate  an  enormous  increase  in 

469  the  size  of  luminal  epithelial  cells.  Estradiol  increases  the  incorporation  of  [3H] 

470  thymidine  [146]  and  the  mitotic  activity  [149]  in  luminal  epithelial  cells,  whereas 

471  antiestrogens  are  much  less  active  [146,  147].  In  general  antiestrogens  produce 

472  hypertrophy  rather  than  hyperplasia  of  luminal  epithelial  cells. 

473  Much  research  with  antiestrogens  has  focused  on  the  estrogen  control 

474  mechanisms  of  pituitary  function.  This,  in  part,  is  because  of  the  early  clinical 

475  applications  of  both  clomiphene  and  tamoxifen  as  agents  for  the  induction  of 

476  ovulation  in  subfertile  women  [150,  151].  Estrogen- stimulated  prolactin  release  in 

477  ovariectomized  rats  [152]  is  partially  inhibited  by  nafoxidine  [153]  and  tamoxifen 

478  [154].  Studies  [155]  have  demonstrated  that  in  the  intact  rat  the  cyclical  release  of 

479  prolactin  at  proestrus  is  inhibited  by  continuous  tamoxifen  therapy.  This  is  consis- 

480  tent  with  the  finding  that  tamoxifen,  4 -hydroxy tamoxifen,  and  trioxifene  inhibit 

481  estrogen-stimulated  prolactin  synthesis  by  rat  pituitary  cells  in  culture  [22].  Simi- 

482  larly,  tamoxifen  inhibits  the  growth  and  secretion  of  prolactin  by  the  estrogen- 

483  induced  pituitary  tumor  7315a  [156].  Furthermore,  tamoxifen  sensitizes  the  pitui- 

484  tary  tumor  cells  to  the  inhibitory  effects  of  bromocriptine  on  prolactin  secretion 

485  in  vitro  [157]. 

486  Tamoxifen  [158-160]  and  enclomiphene  [158]  (zuclomiphene  is  inactive) 

487  inhibit  ovulation  by  blocking  estrogen  action  at  the  level  of  the  hypothalamus  and 

488  pituitary.  Gonadotropin  release  is  inhibited  in  male  and  female  rats  by  large  doses 

489  of  clomiphene  (mixed  isomers)  [57]  but  it  is  possible  that  the  estrogenic  cis  isomer 

490  is  predominantly  responsible  for  these  effects.  The  ability  of  centchroman  and 

491  clomiphene  (mixed  isomers)  to  alter  serum  FSH,  LH,  and  prolactin  in  male  and 

492  female  rats  has  been  compared  [161].  Clomiphene  lowers  LH  in  male  rats,  slightly 

493  increases  LH  in  female  rates,  but  causes  a  large  increase  in  prolactin  in  both  species. 
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Centchroman,  with  its  rigid  bicyclic  structure,  produces  a  similar  effect  to  clomi- 
phene  on  gonadotropin  and  prolactin  levels  in  both  sexes,  although  the  compound  is 
less  estrogenic  than  clomiphene.  Studies  with  the  weakly  estrogenic  compound 
tamoxifen  demonstrate  that  short-term  (5  days)  therapy  of  ovariectomized  rats  does 
not  lower  LH  [162],  whereas  longer  therapy  (up  to  4  weeks)  results  in  a  consistent 
decrease  in  LH  levels  [155].  Similarly,  a  large  dose  of  tamoxifen  is  sufficiently 
estrogenic  to  decrease  LH  release  in  male  rats  [163]. 

Studies  with  rat  pituitary  cells  in  vitro  demonstrates  [164]  that  both  estradiol  and 
clomiphene  (mixed  isomers)  sensitize  the  cells  to  the  effects  of  LHRH  (luteinizing 
hormone-releasing  hormone).  The  antiestrogenic  isomer  enclomiphene  is  appar¬ 
ently  only  acting  as  an  estrogen  in  this  system.  In  contrast,  Miller  and  Huang  [165] 
observed  that  tamoxifen  inhibits  the  estrogen  sensitization  of  ovine  pituitary  cells  to 
an  LHRH  analog.  Furthermore,  tamoxifen,  CI628,  and  nafoxidine  inhibit  estrogen- 
stimulated  LH  release  and  reverse  the  inhibition  of  FSH  release  by  estradiol  in  this 
system.  To  explain  these  contrasting  results,  it  must  be  conceded  that  nothing  is 
known  about  the  pharmacology  of  antiestrogens  in  the  sheep!  Therefore,  species 
differences  may  be  responsible  for  differences  in  the  action  of  the  compounds. 
However,  the  fact  that  in  vivo  antiestrogens  can  cause  increases  or  decreases  in  LH 
depending  upon  the  physiological  model  used  must  point  to  the  complex  factors 
involved  in  the  regulation  of  gonadotropin  release. 

Before  considering  other  organ  site  effects  of  antiestrogens,  one  early  observa¬ 
tion  with  nonsteroidal  estrogens  in  the  pituitary  is  worthy  of  note.  Continuous 
estradiol  administration  for  several  weeks  can  cause  pituitary  hypertrophy  in  the 
rat  (F344),  while  administrating  the  estrogenic  triphenylethylene  TACE  does  not 
[37].  Of  perhaps  greater  significance,  TACE  inhibits  the  hypertrophy  of  the  pitui¬ 
tary  produced  by  estradiol  [166].  Current  knowledge  of  the  aberrant  binding  of 
triphenylethylene-based  estrogen  to  the  ER  [167,  168]  may  actually  be  the  reason 
for  the  different  carcinogenic  actions  of  differently  shaped  estrogens. 

Several  estrogen-modulated  synthetic  events  in  the  liver  have  been  considered  as 
potential  sites  of  antiestrogen  action.  For  convenience,  and  because  the  effects  of 
antiestrogens  are  similar,  the  rat  and  primate  liver  will  be  considered  together.  Rat 
and  monkey  liver  have  a  well-defined  ER  system  [169,  170],  suggesting  a  mecha¬ 
nism  for  the  effects  of  estrogen  and  antiestrogen.  The  continuous  treatment  of 
ovariectomized  immature  rats  with  tamoxifen  or  estradiol  increases  the  synthesis 
of  renin  substrate  [171].  Similarly,  a  comparison  of  ethinyl  estradiol  and  nafoxidine 
has  demonstrated  that  both  are  full  agonists  in  stimulating  plasma  renin  substrate  in 
mature  female  rats  [172].  During  tamoxifen  therapy,  breast  cancer  patients  have 
elevated  circulating  levels  of  sex  hormone-binding  globulin  (SHBG)  [173].  This 
observation  is  of  interest  because  SHBG  synthesis  in  the  liver  in  under  estrogen 
control.  Overall,  it  seems  that  only  estrogenic  effects  have  been  described  for 
antiestrogens  in  the  mammalian  liver. 
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535  Chick 

536  Most  studies  with  antiestrogens  have  focused  on  the  effects  in  the  oviduct  and  liver. 

537  The  pharmacology  of  both  tamoxifen  [174]  and  4 -hydroxy tamoxifen  [175]  in  the 

538  oviduct  is  as  a  full  antagonist.  No  estrogenic  effects  have  been  reported.  In  general, 

539  antiestrogens  are  full  antagonists  of  estrogen  action  in  the  liver  [176]. 


540  Conclusion 

541  The  purpose  of  our  introductory  chapter  is  to  document  the  important  evolutions  of 

542  knowledge  about  nonsteroidal  synthetic  estrogens  that  really  laid  the  foundation  for 

543  all  future  work  on  nonsteroidal  antiestrogens  and  then  selective  ER  modulators 

544  (SERMs). 

545  The  intense  interest  in  a  study  of  nonsteroidal  antiestrogens  in  the  laboratory 

546  during  the  1960s  and  1970s  as  antifertility  agents  in  different  species  or  as  labora- 

547  tory  tools  to  dissect  estrogen  action  in  its  target  tissues  now  slowly  started  to  evolve 

548  from  reproduction  research  to  targeted  cancer  therapeutics.  Tamoxifen  would  soon 

549  no  longer  be  a  laboratory  tool  and  pharmacological  curiosity,  but  an  orphan  breast 

550  cancer  drug  in  search  of  an  optimal  strategy  to  best  be  deployed  in  the  clinic.  This 

551  now  becomes  the  theme  of  our  book. 

552  Postscript.  A  series  of  chance  meetings  occurred  at  ICI  Pharmaceuticals  Division 

553  Alderley  Park  near  my  home  in  Cheshire.  In  1967  I  wanted  to  work  in  cancer 

554  research  over  my  summer  holiday  (I  had  previously  worked  at  the  Yorkshire  Cancer 

555  Research  Campaign  laboratory  at  Leeds  University  in  the  summer  of  1966)  so  I 

556  went  to  ICI  and  I  phoned  up  Dr.  Steven  Carter  from  the  phonebook  outside  the 

557  laboratories  in  Alderley  Park.  He  had  just  reported  the  unusual  actions  of 

558  cytochalasins  in  the  journal  Nature  [177].  I  asked  him  for  a  summer  job  and  he 

559  asked  me  to  set  up  an  appointment.  I  said:  “I’m  outside  ICI  now,”  so  he  invited  me 

560  in  and  the  job  was  mine.  Cytochalasins  are  a  series  of  natural  products  but 

561  cytochalasin  B  caused  polynuclear  cells  or  at  different  concentration  nuclear 

562  extrusion  with  a  small  cell  membrane.  This  same  natural  product  would  later  be 

563  used  by  Wayne  Welshons  to  aid  in  discovering  the  actual  location  of  the  unoccu- 

564  pied  ER  [48,  178].  I  had  a  great  opportunity  working  in  Steven  Carter’s  laboratory 

565  on  the  electron  microscopy  of  nuclear  extrusions  in  mouse  L  cells.  This  was  my 

566  introduction  to  ICI  pharmaceuticals  division.  More  importantly,  I  came  to  know 

567  Dora  Richardson,  the  synthetic  chemist  who  later  would  provide  me  with  tamoxifen 

568  metabolites;  Arthur  (Walop)  Walpole  whose  antifertility  laboratory  was  opposite 

569  Steven  Carter’s;  and  Mike  Barett,  who  was  in  charge  of  ICI’s  beta-blocker  discov- 

570  ery  program  that  was  building  on  Jim  Black’s  landmark  discovery  at  ICI.  Jim  Black 

571  subsequently  won  the  Nobel  Prize  in  1988  in  Physiology  and  Medicine  for 

572  “discoveries  of  important  principles  for  drug  treatment.”  Mike  Barett’ s  laboratory 
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was  next  door  to  Steven  Carter’s.  This  again  is  where  chance  and  opportunity  take 
control,  but  you  have  to  be  ready  to  see  the  opportunity  and  be  prepared  to  rise  to 
the  challenge.  Mike  Barett  became  the  professor  of  Pharmacology  at  Leeds  Uni¬ 
versity.  He  apparently  was  impressed  with  my  skill  as  a  lecturer  (I  was  a  Ph.D. 
student  at  that  time  in  the  early  1970s)  so  he  offered  me  a  job  as  a  lecturer  in 
Pharmacology.  I  had  no  Ph.D.  yet  and  no  publications,  but  I  was  talent  spotted! 

I  started  my  lifelong  “love  affair”  with  nonsteroidal  estrogens  and  antiestrogens 
with  the  start  of  my  Ph.D.  thesis  work  entitled  “A  study  of  the  oestrogenic  and  anti- 
oestrogenic  activities  of  some  substituted  triphenylethylenes  and  triphenylethanes.” 
I  was  supported  by  a  Medical  Research  Council  scholarship,  which  I  only  received 
by  chance  because  I  was  originally  on  the  waiting  list.  Someone  declined  their 
scholarship  so  there  I  was,  a  Ph.D.  student  in  the  Department  of  Pharmacology  at 
the  University  of  Leeds  (1969-1972).  I  decided  to  study  the  ER  with  Dr.  Edward 
Clark  in  the  Department  of  Pharmacology  at  the  University  of  Leeds.  Dr.  Jack 
Gorski  had  published  an  exciting  series  of  reports  showing  that  the  ER  could  easily 
be  extracted  from  the  rat  uterus  and  isolated  by  sucrose  density  gradient  analysis. 
My  project  was  going  to  be  simple:  I  was  to  establish  the  new  technique  of  sucrose 
density  gradient  analysis,  isolate  the  receptor,  and  crystallize  the  protein  with  an 
estrogen  and  an  antiestrogen.  Through  X-ray  crystallography  in  the  Astbury 
Department  of  Biophysics  at  the  University  of  Leeds,  we  would  establish  the 
three-dimensional  shape  of  the  complexes  to  explain  antiestrogenic  action.  The 
goal  was  to  solve  a  fundamental  question  in  pharmacology:  What  is  the  molecular 
mechanism  of  action  for  a  drug?  Progress  was  slow  in  establishing  the  receptor 
purification  technique  of  sucrose  gradient  analysis,  and  I  switched  my  thesis  topic 
to  study  the  structure-activity  relationship  of  antiestrogens.  As  it  turned  out,  this 
was  a  good,  strategic  decision,  as  it  has  taken  the  best  efforts  of  the  research 
community  nearly  30  years  to  achieve  success.  The  structure  of  the  ER  complex 
was  solved  by  scientists  at  York  University,  England,  in  1997.  No  one  has  yet 
succeeded  in  crystallizing  the  whole  ER  with  an  antiestrogen. 

My  study  of  failed  contraceptives  was  less  than  inspiring  as  no  one  was 
recommending  careers  in  a  dead  end.  It  was  clear  in  the  late  1960s  that  nonsteroidal 
antiestrogens  would  not  be  “morning-after  pills.”  They  were  excellent  in  rats  but 
did  exactly  the  opposite  in  women.  Also,  as  it  turned  out,  the  pharmaceutical 
industry  chose  to  discontinue  all  their  interest  in  these  compounds  because  of  too 
much  toxicity  or  there  was  no  money  to  be  made.  But  chance  meetings  and  my 
desire  to  be  a  part  of  developing  a  clinically  useful  drug  for  cancer  would  change 
that  perspective. 

The  road  to  my  Ph.D.  was  complicated  in  early  1972  as  the  university  could  not 
find  an  examiner.  No  one  cared  about  failed  contraceptives!  Mike  Barett  solved  the 
problem  after  Sir  Charles  Dodds  declined  with  the  words:  “Sorry,  I  have  not  kept  up 
with  the  literature  during  the  past  20  years.”  He  invited  his  former  colleague  Arthur 
Walpole  to  be  my  examiner,  and  after  some  grumbling  by  the  university  that  it  was 
inappropriate  because  “he  was  from  industry,”  this  set  off  a  chain  of  events  that 
would  create  tamoxifen  as  the  gold  standard  for  the  treatment  and  prevention  of 
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617  breast  cancer.  This  is  the  next  chapter  in  our  story  as  “Tamoxifen  Goes  Forward 

618  Alone.” 

619  During  my  Ph.D.  studies,  I  learned  all  the  names  of  the  important  players  in 

620  estrogen  action:  Elwood  Jensen,  Jack  Gorski,  and  Bill  McGuire.  Jensen  and  Gorski 

621  were  world  authorities  on  the  ERs  and  my  Ph.D.  supervisor  Ted  Clark  would  often 

622  remark  “look  how  many  authors  are  on  their  papers;  we  cannot  compete  with  these 

623  big  groups.”  Bill  McGuire  was  medically  qualified  and  really  drove  the  ER  and 

624  progesterone  receptor  concept  to  predict  the  susceptibility  of  endocrine  ablation 

625  into  a  clinical  reality  [179,  180].  Jensen  and  Gorski  would  eventually  become  my 

626  colleagues,  coauthors,  and  then  fellow  members  of  the  National  Academy  of 

627  Sciences.  I  remember  well  everyone  congratulating  Elwood  Jensen  at  the  pivotal 

628  meeting  linking  ER  tumor  level  with  response  to  ablative  endocrine  therapy  in 

629  Bethesda,  MD,  in  1974  [181],  when  his  election  was  announced.  Elwood  and  I 

630  would  receive  the  inaugural  Dorothy  P.  Landon  Award  for  translational  research 

631  from  the  American  Association  for  Cancer  Research  (AACR)  in  2002,  he  for  the 

632  ER  target  and  me  for  the  development  of  the  “science  of  antiestrogens  applied  to 

633  cancer  research”  [  1 82] .  Bill  McGuire  and  I  would  be  close  friends  until  his  untimely 

634  death  in  1992  [183,  184].  Each  of  these  prominent  scientists  gave  me  help  and 

635  support  in  the  early  years  of  my  career  with  invitations  to  their  laboratories  to  talk 

636  about  my  “orphan  drug  tamoxifen”  or  with  letters  of  recommendation.  Each  was 

637  important  for  my  career  development  as  a  young  scientist  in  the  1970s. 

638  In  closing  Chap.  1, 1  wish  to  state  that  my  focused  interest  in  the  pharmacology 

639  of  nonsteroidal  antiestrogens  started  with  Leonard  Lerner’s  discovery  of  MER  25. 1 

640  was  thrilled  to  meet  him  at  meetings  in  Mont-Tremblant,  Canada,  of  “Recent 

641  Progress  in  Hormone  Research”  started  by  Gregory  Pincus  of  the  Worcester 

642  Foundation.  Len  and  I  talked  endlessly  about  a  “group  of  forgotten  drugs,”  nonste- 

643  roidal  antiestrogens.  Two  enthusiasts.  I  was  more  than  thrilled  to  receive  the  Bruce 

644  Cain  Award  with  Len  from  the  AACR  in  1989  [126].  At  that  time  something  that 

645  was  nothing  was  being  turned  into  something  of  medical  significance. 
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Abstract 

Tamoxifen  (ICI  46,474),  the  trans  isomer  of  a  substituted  triphenylethylene, 
was  discovered  in  the  fertility  program  at  Imperial  Chemical  Industries, 
Pharmaceuticals  Division,  Cheshire,  England.  The  plan  was  to  use  tamoxifen 
to  regulate  fertility,  but  this  failed  and  interest  refocused  outside  the 
company  for  applications  to  treat  breast  cancer.  The  initial  application  of  the 
nonsteroidal  antiestrogen  was  for  the  treatment  of  metastatic  breast  cancer 
in  postmenopausal  women  and  by  the  1980s  tamoxifen  had  replaced  high- 
dose  diethylstilbestrol  therapy.  Efficacy  when  compared  with  diethylstilbestrol 
was  similar,  but  tamoxifen  had  fewer  side  effects.  No  other  antiestrogens 
were  developed  by  the  pharmaceutical  industry,  as  this  was  not  considered  a 
financially  lucrative  development  strategy. 
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Chapter  2 

Tamoxifen  Goes  Forward  Alone 


Abstract  Tamoxifen  (ICI  46,474),  the  trans  isomer  of  a  substituted  triphenyl- 
ethylene,  was  discovered  in  the  fertility  program  at  Imperial  Chemical  Industries, 
Pharmaceuticals  Division,  Cheshire,  England.  The  plan  was  to  use  tamoxifen  to 
regulate  fertility,  but  this  failed  and  interest  refocused  outside  the  company  for 
applications  to  treat  breast  cancer.  The  initial  application  of  the  nonsteroidal 
antiestrogen  was  for  the  treatment  of  metastatic  breast  cancer  in  postmenopausal 
women  and  by  the  1980s  tamoxifen  had  replaced  high-dose  diethylstilbestrol  therapy. 
Efficacy  when  compared  with  diethylstilbestrol  was  similar,  but  tamoxifen  had  fewer 
side  effects.  No  other  antiestrogens  were  developed  by  the  pharmaceutical  industry,  as 
this  was  not  considered  a  financially  lucrative  development  strategy. 

Introduction 

History  is  lived  forward  but  is  written  in  retrospect.  “We  know  the  end  before  we 
consider  the  beginning  and  we  can  never  wholly  recapture  what  it  was  to  know  the 
beginning  only”  (C.V.  Wedgewood,  William  the  Silent).  That  is,  unless  one  has 
lived  through  the  evolving  applications  of  tamoxifen. 

Tamoxifen  (ICI  46,474;  Nolvadex),  a  nonsteroidal  antiestrogen,  started  life  as  the 
endocrine  treatment  of  choice  for  advanced  breast  cancer  [1].  Adjuvant  therapy  with 
tamoxifen  also  proved  to  be  effective  [2]  because  a  sustained  survival  advantage  is 
noted  for  women  with  node-positive  and  node-negative  disease.  The  Food  and  Drug 
Administration  (FDA)  approved  the  use  of  tamoxifen  as  an  adjuvant  therapy  with 
chemotherapy  (1986),  as  an  adjuvant  therapy  alone  (1988)  in  node-positive  post¬ 
menopausal  patients  and  pre-  and  postmenopausal  node-negative  patients  with 
ER-positive  disease  (1990).  Tamoxifen  is  used  to  treat  breast  cancer  in  men 
(1993).  However,  remarkably  tamoxifen  was  also  approved  to  reduce  the  risk  of 
breast  cancer  in  women  at  high  risk  (1998).  Tamoxifen  was  also  FDA  approved  for 
treatment  of  ductal  carcinoma  in  situ  (DCIS)  (2000).  No  other  cancer  therapy  is  so 
widely  approved  and  had  so  dramatic  an  impact  on  cancer  care.  Tamoxifen  is, 
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2  Tamoxifen  Goes  Forward  Alone 


Fig.  2.1  Arthur  Walpole 
who  died  suddenly  on  2  July 
1977.  At  the  time  of  his 
death,  he  had  retired  as  head 
of  the  Fertility  Control 
Program  at  ICI’s 
Pharmaceuticals  Division  at 
Alderley  Park,  near 
Macclesfield,  Cheshire,  but 
he  had  continued  to  work  as  a 
consultant  on  the  joint 
research  scheme  between  ICI 
and  the  Department  of 
Pharmacology  at  the 
University  of  Leeds,  England 


30  however,  one  of  those  remarkable  examples  of  a  drug  originally  designed  for  one 

31  primary  purpose  that  fails  but  is  then  steered  by  dedicated  scientists  toward  a 

32  recognized  secondary  application  where  it  becomes  enormously  successful. 

33  The  chief  credit  for  the  discovery  of  tamoxifen  in  1962,  and  its  subsequent 

34  application  as  an  orphan  drug  treatment  for  metastatic  breast  cancer,  must  be 

35  given  to  Dr.  Arthur  L.  Walpole  (Fig.  2.1),  then  head  of  the  fertility  control  program 

36  for  Imperial  Chemical  Industries  (ICI)  Pharmaceuticals  Division.  Tamoxifen  was 

37  identified  as  an  effective  postcoital  contraceptive  in  rats  [3-5]  and  there  was  a 

38  distinct  possibility  that  antiestrogens  could  be  developed  as  “morning-after”  pills 

39  [6] .  However,  the  basic  pharmacology  and  physiology  of  ovulation  and  implantation 

40  are  critically  different  in  women  and  rats.  When  tamoxifen  was  tested  in  patients  in 

41  preliminary  clinical  studies,  it  was  found  to  induce  ovulation  rather  than  reduce 

42  fertility  [7,  8]  and  so  is  marketed  in  some  countries  for  the  induction  of  ovulation  in 

43  subfertile  women  [1]. 

44  The  ovarian  dependence  of  some  breast  cancers  has  long  been  recognized  [9,  10] 

45  and  the  first  antiestrogens  [11,  12]  were  shown  to  be  effective  in  their  treatment,  but 

46  the  dmgs  then  available  were  considered  to  be  too  toxic  for  chronic  use  [13-15] 

47  (Table  2.1).  By  the  end  of  the  1960s,  the  direct  role  of  estrogen  in  breast  cancer 

48  growth  was  further  substantiated  with  the  description  of  ERs  in  breast  tumors  [  1 8-20] 

49  and  the  subsequent  clinical  correlation  with  hormone  dependency  [2 1 ,  22] .  However, 

50  clinical  research  with  tamoxifen  was  not  based  on  the  ER  but  on  proven  antifertility 

51  activity  as  an  antiestrogen  in  the  rat.  Walpole  encouraged  the  clinical  testing  of  the 

52  antiestrogen  tamoxifen  at  the  Christie  Hospital  and  Holt  Radium  Institute  in 

53  Manchester  [16].  He  had  a  long  interest  in  cancer  research  [23]  but  also  wanted  to 

54  determine  whether  tamoxifen  was  an  estrogen  or  an  antiestrogen  in  humans  because 

55  of  the  life  between  estrogens  and  breast  cancer  growth.  A  subsequent  dose  response 

56  was  published  by  Dr.  Harold  Ward  [17].  But  in  1972,  ICI  Pharmaceutical  Division 
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Table  2.1  Comparison  of  the  early  chemical  experience  with  antiestrogen  as  a  treatment  for  tl.1 
metastatic  breast  cancer 


Antiestrogen 

Daily  dose 

(mg) 

Year 

Response  rate 
(%) 

Toxicity 

tl  .2 

Ethamoxytriphetol 

50(M-,500 

1960 

25 

Acute  psychotic  episodes 

tl  .3 

Clomiphene 

100-300 

1964-1974 

34 

Fear  of  cataracts 

tl  .4 

Nafoxidine 

180-240 

1976 

31 

Cataracts,  ichthyosis, 
photophobia 

tl  .5 

Tamoxifen 

20-40 

1971-1973 

31 

Transient 

thrombocytopenia3 

tl  .6 

a“The  particular  advantage  of  this  drug  is  the  low  incidence  of  troublesome  side  effects”  tl  .7 


[16].  “Side  effects  were  usually  trivial”  [17] 

chose  to  abandon  clinical  development  because  there  would  be  no  financial  gain  for  57 
the  limited  applications  in  the  treatment  of  metastatic  breast  cancer  where  only  one  in  58 
three  patients  respond  for,  on  average,  2  years  [24] .  59 

This  chapter  will  trace  the  “resurrection”  and  development  of  tamoxifen  for  the  60 
treatment  of  advanced  breast  cancer  in  postmenopausal  patients  and  consider  the  61 
unusual  set  of  circumstances  that  set  the  stage  for  the  subsequent  success  of  62 
tamoxifen  as  a  long-term  adjuvant  therapy  in  patients  with  node-positive  and  63 
node-negative  disease.  In  1990,  the  fashion  was  to  change  again  with  a  plan  to  64 
test  the  worth  of  tamoxifen  as  a  preventive  in  women  at  risk  for  breast  cancer  65 
[25-27].  Much  of  the  basic  laboratory  work  in  animal  models  was  conducted  in  the  66 
period  1974-1992.  This  produced  a  strong  rationale  to  move  forward  with  clinical  67 
trials  and  the  meticulous  evaluations  of  pharmacology  of  tamoxifen  (Fig.  2.2).  This  68 
is  our  story.  69 


ICI  46,474:  The  Early  Years  70 

In  1958,  Lemer  and  coworkers  described  the  first  nonsteroidal  antiestrogen  MER  71 
25.  The  drug  was  tested  in  clinical  trials  but  proved  to  be  toxic  at  the  high  doses  72 
required  [28].  A  successor  compound,  clomiphene  (also  known  as  chloramiphene  73 
or  MRL41)  (Fig.  2.2),  now  known  to  be  a  mixture  of  two  geometric  isomers  with  74 
opposing  biological  activities,  was  a  postcoital  contraceptive  in  rats  but  was  75 
developed  only  clinically  as  a  fertility  drug  [29]  (see  Chap.  1).  76 

To  understand  the  obstacles  that  had  to  be  overcome  before  the  successful  clinical  77 
development  of  tamoxifen,  it  is  necessary  to  recapture  the  mood  of  the  times  in  the  78 
1950s/1960s.  Coronary  heart  disease  was  a  primary  target  for  drug  development  and  79 
was  proving  to  be  a  lucrative  market.  However,  one  product — triparanol  (MER29)  80 
(Fig.  2.2) — was  to  become  a  cause  celebre  and  a  major  issue  in  the  relationship  81 
between  product  safety  and  regulatory  authorities.  Indeed,  this  case  was  taught  to  82 
Craig  Jordan  as  an  undergraduate  at  Leeds  University,  in  the  Pharmacology  Depart-  83 
ment  (1965-1969),  to  illustrate  how  dmg  development  can  go  very  wrong.  84 
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TrEparanol 


Ethamoxytriphetol  (MER  25) 


85 
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Tamoxifen 

(ICI  46t474  trans  isomer) 


Clomiphene 

{MRL  41  mixed  isomers) 


Fig.  2.2  Chemical  structures  of  the  first  antiestrogens  developed  in  the  1950s  and  1960s,  including 
tamoxifen 


Triparanol  was  an  orally  active  lipid-lowering  agent  developed  by  the  Merrell 
Company  during  the  1960s  [30].  Unfortunately,  acute  cataract  formation  was  noted 
in  young  women  treated  with  triparanol  [31]  and  this  ultimately  led  to  the  withdrawal 
of  the  medicine.  The  toxicity  was  linked  to  the  accumulation  of  desmosterol  as  a 
consequence  of  the  inhibition  of  cholesterol  biosynthesis  [32]  (Fig.  2.3). 

The  punitive  legal  issues  surrounding  the  withdrawal  of  triparanol  forced  the 
Merrell  Company  to  avoid  long-term  treatments  with  any  agents  known  to,  or  thought 
to,  cause  increases  in  the  circulating  levels  of  desmosterol.  Triparanol  [33],  ethamoxy- 
triphetol,  and  clomiphene  [14]  were  all  tested  as  treatments  for  breast  cancer,  but  their 
potential  to  harm  through  cataract  formation  forced  the  Merrell  Company  to  abandon 
work  in  the  treatment  of  breast  cancer.  The  administration  of  clomiphene  for  a  few 
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Lathosterol 


Desmosterol  -x-  Cholesterol 


Tamoxifen 
&  toremifene 


Tripanol 

Clomiphene 

Tamoxifen? 

Fig.  2.3  The  inhibition  of  cholesterol  biosynthesis  by  triparanol,  clomiphene,  tamoxifen,  and  the 
chlorinated  derivative  of  tamoxifen  toremifene  (see  Chap.  3,  Fig.  3.7) 

days  to  induce  ovulation  was  considered  safe  compared  with  the  years  of  therapy 
necessary  for  breast  cancer  treatment. 

Arthur  Walpole,  as  head  of  the  Fertility  Control  Program  at  ICI  Pharmaceuticals 
Division  Alderley  Park,  was  already  interested  in  the  pharmacology  of  nonsteroidal 
estrogens  and  was  asked  to  find  a  safer  nonsteroidal  antiestrogen  in  the  early  1960s. 
Richardson  was  the  synthetic  organic  chemist  for  the  program  (Fig.  2.4)  and  a 
young  reproductive  endocrinologist  Michael  J.  K.  Harper  conducted  the  antifertility 
studies  in  the  rat  model  (Fig.  2.4).  The  discovery  of  ICI  46,474  with  reduced 
concerns  about  desmosterol  accumulation  was  an  advance. 

From  the  time  that  tamoxifen  was  first  available  in  clinical  practice  (1973)  until 
the  late  1980s,  there  were  remarkably  few  concerns  about  the  toxicity  of  tamoxifen, 
because  the  side  effects  from  chemotherapy,  by  contrast,  were  so  severe.  Only  with 
the  extended  use  of  tamoxifen  as  an  adjuvant  therapy  in  node-negative  women,  and 
the  proposed  use  of  tamoxifen  as  a  chemopreventive,  was  there  a  return  to  an 
evaluation  of  the  toxicity  of  tamoxifen,  both  by  laboratory  studies  and  by  the  analysis 
of  randomized  clinical  trials.  Despite  the  fact  that  tamoxifen  was  considered  safe  for 
long-term  adjuvant  therapy  in  women  with  breast  cancer,  analysis  of  the  prevention 
trials  organized  and  run  by  the  National  Surgical  Adjuvant  Bowel  and  Breast  Project 
(NSABP)  would  demonstrate  a  small  increase  in  cataracts  and  cataract  operations  for 
women  without  disease  taking  tamoxifen  to  reduce  breast  cancer  incidence  [34,  35]. 
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Fig.  2.4  (Left)  Dora  Richardson  was  a  co-patent  holder  for  ICI  46,474  and  the  organic  chemist 
responsible  for  the  synthesis  of  triphenylethylenes  at  ICI  Pharmaceuticals.  This  photograph  was 
taken  on  the  occasion  of  her  retirement  in  1979.  (Right)  Mike  Harper  who  discovered  the  opposing 
biological  activities  of  the  cis  and  trans  isomers  of  substituted  triphenylethylenes 

116  ICI  46,474  was  first  synthesized  by  Dr.  Dora  Richardson  at  ICI  Ltd.,  Pharma- 

117  ceuticals  Division  (Fig.  2.4),  and  was  shown  to  be  an  antifertility  agent  in  rodents 

118  [4,5].  Dr.  Michael  Harper  (Fig.  2.4)  [3]  made  the  discovery  that  the  geometric  isomers 

119  of  substituted  triphenylethylenes  have  opposing  biological  properties:  the  cis  isomer 

120  ICI  47,699  is  an  estrogen,  whereas  the  trans  isomer  ICI  46,474  has  antiestrogenic 

121  activity.  Thus  the  structure  of  the  dmg  can  program  the  cells  for  estrogenic  or 

122  antiestrogenic  properties  [36-38] .  Another  observation  made  by  Harper  and  Walpole 

1 23  was  that  ICI  46,474  exhibits  species  specificity;  in  short-term  tests,  the  compound  is  an 

124  estrogen  in  the  mouse  and  an  antiestrogen  in  the  rat  [3,  4].  The  triphenylethylene 

1 25  derivative  blocks  the  binding  of  [3H]  estradiol  to  ERs  derived  from  both  rat  and  mouse 

126  target  tissues  [39-42],  but  no  completely  satisfactory  subcellular  mechanism  for  the 

127  species  difference  of  ICI  46,474  has  yet  been  established.  In  fact,  the  situation  is 

1 28  probably  more  complex  than  may  at  first  be  appreciated.  The  long-term  administration 

129  of  tamoxifen  to  ovariectomized  mice  results  in  an  initial  estrogen-like  effect  in  the 

1 30  vagina  [40]  and  the  utems  [43] ,  but  as  treatment  progresses  both  the  utems  and  vagina 

131  become  refractory  to  the  effects  of  exogenous  estrogen,  and  ICI  46,474  becomes  a 

1 32  complete  antiestrogen  in  the  vagina. 

133  Preliminary  clinical  studies  with  ICI  46,474  to  treat  advanced  breast  cancer  in 

134  postmenopausal  women  were  conducted  by  Mary  Cole  and  coworkers  [16]  at  the 

135  Christie  Hospital  in  Manchester.  The  confirmation  that  ICI  46,474  could  be  used 

136  successfully  as  palliative  in  advanced  disease  but  produces  few  side  effects  [17, 44] 

137  acted  as  a  catalyst  to  encourage  the  study  of  the  mode  of  action  of  the  drug  in  animal 

138  tumor  models.  Indeed  the  conversation  between  the  laboratory  and  the  clinic 

139  became  the  hallmark  for  the  successful  development  of  tamoxifen. 

140  Animal  studies  were  first  started  in  1973  at  the  Worcester  Foundation  for 

141  Experimental  Biology  Shrewsbury,  Massachusetts  [45-50].  The  dimethylbenzan- 

142  thracene  (DMBA)-induced  rat  mammary  carcinoma  model,  originally  described  a 


[APT 


Author's  Proof 

ICI  46,474  to  Tamoxifen  37 

decade  earlier  by  the  Nobel  Laureate  Professor  Charles  Huggins  [51],  was  used  to 
study  the  efficacy  and  mode  of  action  of  ICI  46,474  under  controlled  laboratory 
conditions.  The  model  was  considered  to  be  state  of  the  art,  because  no  other 
hormone-dependent  models  were  then  available  for  study.  Rob  Nicholson,  then  a 
graduate  student  at  the  Tenovus  Institute  for  Cancer  Research  in  Cardiff,  Wales, 
also  selected  the  DMBA-induced  rat  mammary  carcinoma  model  for  this  study  of 
the  antitumor  actions  of  ICI  46,474  and  related  compounds  [52].  These  parallel 
research  ventures  fully  described  the  antitumor  activity  of  the  antiestrogen  in  vivo 
[41,  48-50,  53,  54]  at  a  time  when  the  efficacy  of  tamoxifen  was  being  established 
widely  in  breast  cancer  clinical  trials  [55]. 

ICI  46,474  to  Tamoxifen 

In  1973,  Nolvadex,  the  ICI  brand  of  tamoxifen  (as  its  citrate  salt),  was  approved  for 
the  treatment  of  breast  cancer  by  the  Committee  on  the  Safety  of  Medicines  in  the 
United  Kingdom.  Similar  approval  was  given  in  the  United  States  for  the  treatment  of 
advanced  disease  in  postmenopausal  women  by  the  Food  and  Drug  Administration  on 
30  December  1977.  Nolvadex  is  available  in  more  than  1 10  countries  as  the  first- line 
endocrine  therapy  for  the  treatment  of  breast  cancer  [  1  ] .  To  mark  this  achievement,  ICI 
Pharmaceutical  Division  was  presented  with  the  Queen’s  Award  for  Technological 
Achievement  by  the  Lord  Lieutenant  of  Cheshire,  Viscount  Leverhulme,  on  6  July 
1978.  The  remarkable  success  of  tamoxifen  encouraged  a  closer  examination  of  its 
pharmacology  with  a  view  to  further  development  and  wider  applications. 

The  metabolism  of  tamoxifen  in  animals  and  patients  was  first  described  by 
Fromson  and  coworkers  [56,  57].  The  major  metabolic  route  to  be  described  was 
hydroxylation  to  form  4 -hydroxy tamoxifen,  which  was  subsequently  shown  to  have 
high  binding  affinity  for  the  estrogen  receptor  and  to  be  a  potent  antiestrogen  in  its  own 
right  [58]  with  antitumor  properties  in  the  DMB  A  model  [59] .  Indeed  it  is  an  advantage 
for  the  tamoxifen  to  be  metabolically  activated  to  4 -hydroxy tamoxifen  [60],  but  this  is 
not  a  prerequisite  for  antiestrogen  action.  The  metabolite  was  subsequently  shown  to 
localize  in  target  tissues  after  the  administration  of  radioactive  tamoxifen  to  rats 
[61].  Originally,  4 -hydroxy tamoxifen  was  believed  to  be  the  major  metabolite  in 
patients  [57],  but  Hugh  Adam  [62]  at  ICI  Pharmaceutical  Division  demonstrated  that 
N-desmethyltamoxifen  is  the  principal  metabolite  found  in  patients.  There  is  usually  a 
blood  level  ratio  of  2: 1  for  N-desmethyltamoxifen  that  has  twice  the  plasma  half-life  of 
tamoxifen  (14  days  vs.  7  days)  [63].  The  ubiquitous  use  of  tamoxifen  resulted  in  the 
publication  of  numerous  methods  to  estimate  tamoxifen  and  its  metabolites  in  serum 
(reviewed  in  [64]).  The  metabolites  that  have  been  identified  in  patients  are  shown  in 
Fig.  2.5.  The  minor  metabolites,  metabolite  Y  [65],  metabolite  Z  [66],  and  4-hydroxy- 
N-desmethyltamoxifen  [67],  all  contribute  to  the  antitumor  actions  of  tamoxifen, 
because  they  are  all  antiestrogens  which  inhibit  the  binding  of  estradiol  to  the 
ER.  The  metabolism  of  tamoxifen  will  be  considered  in  more  detail  in  Chap.  3. 

The  next  significant  advance  came  with  the  availability  of  hormone-dependent 
human  breast  cancer  cells  to  study  antitumor  mechanisms  in  the  laboratory. 
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N,N-Didcsmethy  Itamox  i  fen  Metabolite  Y 


Fig.  2.5  The  scheme  of  tamoxifen  metabolism  and  the  structures  of  its  metabolites 
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Marc  Lippman  [68]  was  the  first  to  describe  the  ability  of  tamoxifen  to  inhibit  the 
growth  of  MCF-7  ER-positive  breast  cancer  cells  [69]  in  culture  and  to  demonstrate 
that  the  addition  of  estrogen  could  reverse  the  action  of  tamoxifen.  Nearly  a  decade 
later,  Kent  Osborne  [70]  and  Rob  Sutherland  [71]  independently  described  the  block¬ 
ade  by  tamoxifen  of  breast  cancer  cells  at  the  Gi  phase  of  the  cell  cycle. 

Studies  with  the  heterotransplantation  of  MCF-7  cells  into  athymic  mice 
demonstrated  that,  unlike  estradiol,  tamoxifen  does  not  support  the  growth  of  tumors 
[72].  Tamoxifen  [73]  and  its  metabolites  [74]  will  block  estrogen-stimulated  tumor 
growth.  However,  very  high  circulatory  levels  (2,300  pg/ml)  of  estradiol  in  a 
low-tamoxifen  environment  (40  ng/ml)  can  partly  reverse  the  inhibitory  actions  of 
tamoxifen  for  MCF-7  tumor  growth  [75].  Overall,  these  studies  of  the  reversibility  of 
tamoxifen  action  could  have  implications  for  its  extended  adjuvant  use  in  pre¬ 
menopausal  women. 

These  significant  biological  advances  propelled  tamoxifen  forward  to  become 
the  only  nonsteroidal  estrogen  antagonist  that  would  become  the  “gold  standard” 
for  the  endocrine  therapy  of  breast  cancer  for  two  decades.  But  none  of  this  seemed 
possible  in  the  1970s  when  ICI  Pharmaceutical  Division  was  chauffeuring 
thousands  of  rats  from  Alderley  Park  to  Leeds  University.  This  investment  in 
independent  academic  research  would  convert  an  orphan  drug  to  be  multibillion 
GBP  blockbuster  that  saved  millions  of  women’s  lives  [76].  What  is  amazing  is  that 
the  early  work  occurred  without  patent  protection,  but  that  changed. 


Patenting  Problems 

Adequate  patent  protection  is  required  to  develop  an  innovation  in  a  timely  manner. 
In  1962,  ICI  Pharmaceuticals  Division  filed  a  broad  patent  in  the  United  Kingdom 
(UK)  (Application  number  GB19620034989  19620913).  The  application  stated, 
“The  alkene  derivatives  of  the  invention  are  useful  for  the  modification  of  the 
endocrine  status  in  man  and  animals  and  they  may  be  useful  for  the  control  of 
hormone-dependent  tumours  or  for  the  management  of  the  sexual  cycle  and 
aberrations  thereof.  They  also  have  useful  hypocholesterolaemic  activity.” 

This  was  published  in  1965  as  UK  Patent  GB 1013907,  which  described  the 
innovation  that  different  geometric  isomers  of  substituted  triphenylethylenes  had 
either  estrogenic  or  antiestrogenic  properties  [3].  Indeed,  this  observation  was 
significant,  because  when  scientists  at  Merrell  subsequently  described  the  biological 
activity  of  the  separated  isomers  of  their  drug  clomiphene,  they  inadvertently 
reversed  the  naming  [77].  This  was  subsequently  rectified  [78]. 

Although  tamoxifen  was  approved  for  the  treatment  of  advanced  breast  cancer  in 
postmenopausal  women  in  1977  in  the  United  States  (the  year  before  ICI  Pharma¬ 
ceuticals  Division  received  the  Queen’s  Award  for  Technological  Achievement  in  the 
UK),  the  patent  situation  was  unclear.  ICI  Pharmaceuticals  Division  was  repeatedly 
denied  patent  protection  in  the  United  States  until  the  1980s  because  of  the  perceived 
primacy  of  the  earlier  Merrell  patents  and  because  no  advance  (i.e.,  a  safer,  more 
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226  specific  drug)  was  recognized  by  the  patent  office  in  the  United  States.  In  other  words, 

227  the  clinical  development  advanced  steadily  for  more  than  a  decade  in  the  United  States 

228  without  the  assurance  of  exclusivity.  This  situation  also  illustrates  how  unlikely 

229  the  usefulness  of  tamoxifen  was  considered  to  be  by  the  medical  advisors  to  the 

230  pharmaceutical  industry  in  general.  No  other  company  chose  to  “steal”  tamoxifen. 

231  Remarkably,  when  tamoxifen  was  hailed  as  the  adjuvant  endocrine  treatment  of  choice 

232  for  breast  cancer  by  the  National  Cancer  Institute  in  1984  [79],  the  patent  application, 

233  initially  denied  in  1984,  was  awarded  through  the  court  of  appeals  in  1985.  This  was 

234  granted  with  precedence  to  the  patent  dating  back  to  1965!  So,  at  a  time  when 

235  worldwide  patent  protection  was  being  lost,  the  patent  protecting  tamoxifen  started  a 

236  17-year  life  in  the  United  States.  The  unique  and  unusual  legal  situation  did  not  go 

237  uncontested  by  generic  companies,  but  AstraZeneca  (as  the  ICI  Pharmaceuticals 

238  Division  is  now  called)  rightly  retained  patent  protection  for  their  pioneering  product, 

239  most  notably,  from  Smalkin’s  decision  in  Baltimore,  1996  (Zeneca,  Ltd. 

240  vs.  Novopharm,  Ltd.Civil  Action  No  S95-163  United  States  District  Court, 

241  D.  Maryland,  Northern  Division,  14  March  1996). 

242  Conclusion 

243  The  unprecedented  advance  of  tamoxifen  from  the  first  unsure  steps  seems  un- 

244  believable  but  actually  occurred.  This  situation  was  dependent  on  the  correct 

245  prepared  individuals  being  at  the  right  place  at  the  right  time  to  advance  a 

246  pioneering  medicine  that  saves  lives. 

247  Postscript.  In  September  1972,  at  the  time  of  the  examination  of  my  Ph.D.  thesis 

248  by  Dr.  Arthur  Walpole,  I  was  unaware  that  the  research  director  at  ICI  Pharma- 

249  ceutical  Division  had  ordered  the  termination  of  the  clinical  development  of 

250  tamoxifen.  This  was  a  financial  decision  based  on  nonprofitability.  My  understand- 

251  ing  is  that  all  of  the  clinical  research  on  tamoxifen  (then  ICI  46,474)  had  been 

252  reviewed  in  March  1972  at  a  symposium  at  Alderley  Park  [24]. 

253  The  termination  of  tamoxifen’ s  development  toward  registration  and  clinical  use 

254  had  resulted  in  Walpole  requesting  early  retirement.  Scientists  at  ICI  Pharmaceutical 

255  Division  did  none  of  the  laboratory  work  on  tamoxifen  as  an  antitumor  agent;  that 

256  was  outsourced  to  me  for  a  decade.  But  how  did  that  happen? 

257  I  had  already  been  recruited  to  the  faculty  as  a  lecturer  in  Pharmacology  at  Leeds, 

258  but  first  I  was  required  to  spend  a  couple  of  years  in  America  to  obtain  my  BTA 

259  (Been  to  America,  a  colloquial  acronym  as  a  prestigious  research  qualification).  It 

260  had  been  arranged  that  I  would  go  to  the  Worcester  Foundation  for  Experimental 

261  Biology  (the  home  of  the  oral  contraceptive)  to  work  with  Mike  Harper,  who  had  left 

262  ICI  Pharmaceutical  Division  some  years  earlier  and  now  headed  an  Agency  for 

263  International  Development  Program,  to  create  a  once  a  month  contraceptive  based 

264  on  prostaglandins  (the  new  research  fashion!).  I  remember  my  conversation  with 

265  Mike  Harper  on  the  telephone  as  I  stood  in  the  corridor  on  the  phone  in  the  old 

266  Medical  School  in  Leeds.  He  asked  three  questions:  “Could  you  start  in  September 
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(1972)?”  “Would  $12,000  a  year  be  acceptable?”  and  “Would  you  work  on  prosta¬ 
glandins?”  “Yes,  yes,  yes,”  I  replied  and  headed  off  to  the  library  to  find  out  what 
prostaglandins  were! 

Walpole,  my  committee,  and  I  met  for  my  examination  in  the  Department  of 
Pharmacology  at  the  Leeds  University  in  early  September  1972.  This  had  become  a 
matter  of  urgency  as  I  had  to  complete  the  examination,  drive  to  Southampton  to 
board  the  QEII,  and  then  travel  from  New  York  to  Worcester,  MA,  to  be  a  visiting 
scientist  for  2  years  at  the  Worcester  Foundation  for  Experimental  Biology. 

When  I  arrived  to  the  Worcester  Foundation  in  September  1972 — incidentally 
not  knowing  anything  about  prostaglandins — I  discovered  that  Mike  Harper  had 
accepted  a  job  with  the  World  Health  Organization  in  Geneva.  My  new  boss  Ed 
Klaiber  said:  “Next  week  give  me  a  plan  of  research  you  propose  to  complete  here 
in  the  next  two  years”  and  “You  can  do  anything  you  like  as  long  as  some  of  it 
includes  prostaglandins.”  Armed  with  a  brand  new  Ph.D.  in  “failed  contraceptives” 
(a  topic  not  designed  to  equip  me  for  a  research  career!),  I  immediately  found 
myself  as  an  independent  investigator  and  planned  my  work  on  prostaglandins. 
However,  my  new  circumstances  would  also  allow  me  to  explore  my  passion — to 
develop  a  drug  to  treat  breast  cancer. 

A  phone  call  to  Walpole  started  the  process  of  turning  ICI  46,474  into  tamoxifen, 
the  gold  standard  for  the  endocrine  treatment  of  breast  cancer  for  the  next  30  years. 
Walpole  informed  me  the  ICI  Pharmaceuticals  Division  had  just  acquired  Stuart 
Pharmaceuticals  in  Wilmington,  Delaware,  and  they  had  created  a  new  company 
ICI  Americas.  Lois  Trench,  the  drug  monitor  for  tamoxifen,  would  be  the  individual 
involved  in  the  investment  in  my  laboratory  at  the  Worcester  Foundation  with  an 
unrestricted  research  grant  to  determine  how  best  to  use  tamoxifen  in  the  clinic.  But 
how  to  start?  I  was  a  pharmacologist  with  experience  in  “failed  contraceptive”  not  a 
cancer  research  scientist.  It  seems  that  the  way  forward  depends  upon  a  clear  plan, 
enthusiasm,  and  who  you  meet. 

The  National  Cancer  Act  was  passed  in  1971  in  the  United  States  and  the  “war 
on  cancer”  began.  The  president  of  the  Worcester  Foundation  Mahlon  Hoagland 
realized  that  the  research  resources  of  the  foundation  in  reproductive  endocrinology 
could  be  steered  toward  endocrine-dependent  cancers  with  the  right  advisor  on  the 
Scientific  Advisory  Board.  Dr.  Elwood  Jensen,  director  of  the  Ben  May  Laboratory 
for  Cancer  Research  at  the  University  of  Chicago,  was  a  pioneer  in  the  identification 
of  the  ER  in  estrogen  target  tissues  in  the  rat  and  the  application  of  this  knowledge 
for  the  identification  of  estrogen-dependent  breast  tumors  in  women  with  metastatic 
breast  cancer.  The  absence  of  ER  in  the  tumor  meant  that  there  was  no  possibility  of 
a  response  to  endocrine  ablation.  Jensen  spent  a  couple  of  days  at  the  foundation  in 
late  1972  and  we  spent  time  together  going  over  my  thesis  work.  I  told  him  of  my 
plans  for  tamoxifen  and  he  generously  agreed  to  have  his  staff  (or  rather  Silvia 
Smith)  teach  me  techniques  of  ER  analysis  and  most  importantly  his  colleague 
Dr.  Gene  DeSombre  to  teach  me  the  dimethylbenzanthracene  (DMBA)-induced  rat 
mammary  carcinoma  model.  My  visit  to  Chicago  to  learn  the  techniques  was  a 
dream  come  true! 
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31 1  Lois  Trench  arranged  for  me  to  receive  a  small  collection  of  deep-frozen  breast 

312  tumors  so  we  started  the  program  of  translational  research  with  the  aid  of  Suzane 

313  Koemer,  a  superb  technician.  Lois  insisted  I  became  a  consultant  to  ICI  Americas  to 

314  encourage  clinicians  in  oncology  groups  to  study  tamoxifen  in  clinical  trial. 

315  I  lectured  to  the  members  of  the  Eastern  Cooperative  Oncology  Group  Breast 

316  Committee  at  their  meetings  in  Miami  and  Jasper  National  Park  in  1974.  Too 

317  many  adventures  there  to  fit  in  the  limited  space  here,  I  am  afraid!  Lois,  then 

318  sponsored  me  to  present  the  first  study  on  tamoxifen  as  a  preventive  of  mammary 

319  cancer  in  rats  at  the  International  Steroid  Hormone  Congress  in  Mexico  City  in 

320  September  1974  [45]  (more  adventures  with  my  boss  Ed  Klaiber  in  Acapulco). 

32 1  The  idea  of  publishing  my  emerging  data  for  the  treatment  and  prevention  of  breast 

322  cancer  did  not  occur  immediately.  Nobody  in  the  scientific  or  clinical  community 

323  really  cared  about  the  development  of  another  (more  expensive)  endocrine  therapy  of 

324  limited  effectiveness.  However,  that  perspective  was  to  change.  Eliahu  Caspi  called 

325  me  to  his  office  one  day  in  July  1974  and  announced  he  had  been  charged  with  the 

326  responsibility  of  evaluating  my  CV  and  bibliography  to  explore  the  possibility  of  me 

327  staying  at  the  foundation  as  a  staff  and  not  returning  to  Leeds  University.  He  was  rather 

328  frightening  as  an  individual  and  stared  at  me  across  his  desk.  He  reiterated  that  he  had 

329  been  told  to  interview  me  and  evaluate  my  CV.  He  then  said:  “but  you  haven’t  got  one 

330  as  you  have  not  published  anything.”  After  a  stunned  silence  from  me,  I  replied:  “but  I 

331  haven’t  discovered  anything,”  to  which  he  then  gave  me  the  best  advice  I  had  received 

332  about  developing  an  academic  career  up  to  that  point.  “Tell  them  the  story  so  far;  each 

333  paper  can  be  written  within  about  2  weeks  and  create  a  theme  of  interlocking  research 

334  papers.”  I  have  followed  his  advice  ever  since. 

335  I  would  like  to  recount  an  unanticipated  honor  that  occurred  by  chance  in  2002. 

336  At  the  commencement  of  the  University  of  Massachusetts  Medical  School  at  the 

337  Mechanics  Hall  in  Worcester  in  2001, 1  was  delivering  my  acceptance  speech  for  an 

338  honorary  Doctor  of  Science  degree  and  told  my  Eliahu  Caspi  story  about  publication — 

339  emphasizing  that  if  you  don’t  publish,  it  never  happened.  A  year  later  I  was  asked  to 

340  deliver  the  inaugural  Eliahu  Caspi  Memorial  Lecture  at  the  Worcester  Foundation.  It 

34 1  was  then  that  I  learned  of  the  remarkable  background  of  Dr.  Caspi  and  had  the  pleasure 

342  of  spending  time  with  his  accomplished  family.  As  a  young  man  in  Poland,  Caspi  had 

343  survived  a  Russian  prison  camp,  escaped  to  the  emerging  Israel,  joined  the  Haganah 

344  (early  Israeli  Defense  Forces),  and  then  came  to  America  to  complete  his  Ph.D.  at 

345  Clark  University  in  Worcester.  He  then  joined  the  Worcester  Foundation  having  a 

346  distinguished  career  in  glucocorticoid  metabolism  and  synthesis  until  his  death  in 

347  May  2001. 
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Abstract 

By  the  early  1970s,  a  number  of  metabolites  of  tamoxifen  had  been  identified 
in  animals  and  following  administration  to  a  few  patients.  The  hydroxylated 
metabolite  of  tamoxifen,  4-hydroxytamoxifen,  proved  to  be  the  most 
interesting.  The  discovery  of  its  high  binding  affinity  for  the  estrogen  receptor 
made  it  a  new  laboratory  tool  for  all  future  in  vitro  studies  of  antiestrogen  action 
and  also  provided  the  clue  for  all  future  structure-function  relationships  studies 
of  new  antiestrogens.  These  compounds  would  subsequently  be  developed  as 
selective  estrogen  receptor  modulators  (SERMs).  Tamoxifen  is  a  prodrug  but 
it  is  the  metabolite  4-hydroxy-N-desmethyltamoxifen  or  endoxifen  that  has 
attracted  pharmacogenetic  interest.  Mutations  of  the  CYP2D6  gene  control 
endoxifen  production  and  have  been  associated  with  drug  efficacy  in  some 

clinical  trials. 
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Chapter  3 

Metabolites  of  Tamoxifen  as  the  Basis 
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Abstract  By  the  early  1970s,  a  number  of  metabolites  of  tamoxifen  had  been 
identified  in  animals  and  following  administration  to  a  few  patients.  The 
hydroxylated  metabolite  of  tamoxifen,  4-hydroxytamoxifen,  proved  to  be  the 
most  interesting.  The  discovery  of  its  high  binding  affinity  for  the  estrogen  receptor 
made  it  a  new  laboratory  tool  for  all  future  in  vitro  studies  of  antiestrogen  action  and 
also  provided  the  clue  for  all  future  structure -function  relationships  studies  of  new 
antiestrogens.  These  compounds  would  subsequently  be  developed  as  selective 
estrogen  receptor  modulators  (SERMs).  Tamoxifen  is  a  prodrug  but  it  is  the 
metabolite  4-hydroxy-N-desmethyltamoxifen  or  endoxifen  that  has  attracted 
pharmacogenetic  interest.  Mutations  of  the  CYP2D6  gene  control  endoxifen  pro¬ 
duction  and  have  been  associated  with  drug  efficacy  in  some  clinical  trials. 

Introduction 

Tamoxifen  is  believed  to  be  a  prodrug  and  can  be  metabolically  activated  to 
4-hydroxytamoxifen  [1 — 4]  or  alternatively  can  be  metabolically  routed  via 
N-desmethyltamoxifen  to  4-hydroxy-N-desmethyltamoxifen  [5,  6]  (endoxifen) 
(Fig.  3.1).  The  hydroxylated  metabolites  of  tamoxifen  have  a  high  binding  affinity 
for  the  ER  [1,  7].  The  finding  that  the  CYP2D6  subtype  of  cytochrome  P450 
activates  tamoxifen  to  endoxifen  [8]  has  implications  for  cancer  therapeutics.  It 
has  been  proposed  that  women  with  enzyme  variants  that  cannot  make  endoxifen 
may  not  have  as  successful  an  outcome  with  tamoxifen  therapy.  Alternatively, 
women  who  have  a  wild-type  enzyme  may  make  high  levels  of  the  potent 
antiestrogen  endoxifen  and  experience  hot  flashes.  As  a  result,  these  women  may 
take  selective  serotonin  reuptake  inhibitors  (SSRIs)  to  ameliorate  hot  flashes  but 
there  are  potential  pharmacological  consequences  to  this  strategy.  Some  of  the 
SSRIs  are  metabolically  altered  by  the  CYP2D6  enzyme  [9].  It  is  therefore  possible 
to  envision  a  drug  interaction  whereby  SSRIs  block  the  metabolic  activation  of 
tamoxifen. 
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Fig.  3.1  The  metabolic  activation  of  tamoxifen  to  phenolic  metabolites  that  have  a  high  binding 
activity  for  the  human  ER.  Both  4-hydroxytamoxifen  and  endoxifen  are  potent  antiestrogens 
in  vitro 

31  This  chapter  will  describe  the  scientific  twists  and  turns  that  tamoxifen  and  its 

32  metabolites  have  taken  over  the  past  30  years.  The  story  is  naturally  dependent  on 

33  the  fashions  in  therapeutic  research  at  the  time.  What  seems  obvious  to  us  as  a 

34  successful  research  strategy  today,  with  millions  of  women  taking  tamoxifen,  was 

35  not  so  30  years  ago  at  the  beginning  when  the  clinical  community  and  pharmaceu- 

36  tical  industry  did  not  see  “antihormones”  as  a  priority  at  all  for  drug  development 

37  [10].  In  1972,  tamoxifen  was  declared  an  orphan  drug  with  little  prospect  of 

38  successful  clinical  development  [11]. 


39  Basic  Mechanisms  of  Tamoxifen  Metabolism 

40  The  original  survey  of  the  putative  metabolites  of  tamoxifen  was  conducted  in  the 

41  laboratories  of  ICI  Pharmaceuticals  Division  and  published  in  1973  [12].  A  number 

42  of  hydroxylated  metabolites  were  noted  (Fig.  3.2)  following  the  administration  of 
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OH 


4- hydroxy  tamoxifen  3,4-dihydrQxylamoxifen  Metabolite  E 

(Metabolite  B)  (Metabolite  D) 

Fig.  3.2  The  original  hydroxylated  metabolites  of  tamoxifen  noted  in  animals  by  Fromson  and 
coworkers  [12] 

14C-labeled  tamoxifen  to  various  species  (rat,  mouse,  monkey,  and  dog).  The  major 
route  of  excretion  of  radioactivity  was  in  the  feces.  The  rat  and  dog  studies  showed 
that  up  to  53  %  of  the  radioactivity  derived  from  tamoxifen  was  excreted  via  the  bile 
and  up  to  69  %  of  this  was  reabsorbed  via  an  enterohepatic  recirculation  until 
elimination  eventually  occurs  [12].  The  hydroxylated  metabolites  are  excreted  as 
glucuronides.  However,  no  information  about  their  biological  activity  was  available 
until  the  finding  that  4 -hydroxy tamoxifen  had  a  binding  affinity  for  the  ER  equiva¬ 
lent  to  17p  estradiol  [1].  Similarly,  3,  4-dihydroxytamoxifen  (Fig.  3.2)  bound  to  the 
human  ER  but  interestingly  enough,  3,  4-dihydroxytamoxifen  was  not  significantly 
estrogen-like  in  the  rodent  uterus  despite  being  antiestrogenic  [1,4]. 

Additional  studies  on  the  metabolism  of  tamoxifen  in  four  women  [13]  identified 
4-hydroxytamoxifen  as  the  primary  metabolite  using  a  thin  layer  chromatographic 
technique  to  identify  14C-labeled  metabolites.  This  assumption,  coupled  with  the 
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O 


Tamoxifen  Tamoxifen  N-oxide  N-desmethyltamoxifen  Metabolite  Z  Metabolite  Y 


Fig.  3.3  The  serial  metabolic  dimethylation  and  deamination  of  the  antiestrogenic  side  chain  of 
tamoxifen.  Each  of  the  metabolites  is  a  weak  antiestrogen  with  poor  binding  affinity  for  the  ER 

56  potent  antiestrogenic  actions  of  4 -hydroxy tamoxifen  [1]  and  the  conclusion  that  it 

57  was  an  advantage,  but  not  a  requirement  for  tamoxifen  to  be  metabolically  activated 

58  [2,  14],  seemed  to  confirm  the  idea  that  4-hydroxytamoxifen  was  the  active 

59  metabolite  that  bound  in  rat  estrogen  target  tissues  to  block  estrogen  action 

60  [3].  However,  the  original  analytical  methods  used  to  identify  4-hydroxytamoxifen 

61  as  the  major  metabolite  in  humans  were  flawed  [15]  and  subsequent  studies 

62  identified  N-desmethyltamoxifen  (Fig.  3.3)  as  the  major  metabolite  circulating  in 

63  human  serum  [16].  The  metabolite  was  found  to  be  further  demethylated  to 

64  A-desdimethyltamoxifen  (metabolite  Z)  [17]  and  then  deaminated  to  metabolite 

65  Y,  a  glycol  derivative  of  tamoxifen  [18,  19].  The  metabolites  (Fig.  3.3)  that  are  not 

66  hydroxylated  at  the  4  position  of  tamoxifen  (equivalent  to  the  three  phenolic 

67  hydroxyl  of  estradiol)  are  all  weak  antiestrogens  that  would  each  contribute  to  the 

68  overall  antitumor  actions  of  tamoxifen  at  the  ER  based  on  their  relative  binding 

69  affinities  for  the  ER  and  their  actual  concentrations  locally. 

70  At  the  end  of  the  1980s,  the  identification  of  another  metabolite  tamoxifen 

71  4-hydroxy-N-desmethyltamoxifen  in  animals  [20]  and  man  [5,  6]  was  anticipated 

72  but  viewed  as  obvious  and  uninteresting.  The  one  exception  that  was  of  interest  was 

73  metabolite  E  (Fig.  3.2  identified  in  the  dog  [12].  This  phenolic  metabolite  without 

74  the  dimethylaminoethyl  side  chain  is  a  full  estrogen  [19,  21].  The  dimethylami- 

75  noethoxy  side  chain  of  tamoxifen  is  necessary  for  antiestrogenic  action  [21]. 

76  It  is  not  a  simple  task  to  study  the  actions  of  metabolites  in  vivo.  Problems  of 

77  pharmacokinetics,  absorption,  and  subsequent  metabolism  all  conspire  to  confuse 

78  the  interpretation  of  data.  Studies  in  vitro  using  cell  systems  of  estrogen  target 

79  tissues  were  defined  and  refined  in  the  early  1980s  to  create  an  understanding  of  the 

80  actual  structure-function  relationships  of  tamoxifen  metabolites.  Systems  were 

81  developed  to  study  the  regulation  of  the  prolactin  gene  in  primary  cultures  of 

82  immature  rat  pituitary  gland  cells  [14,  22]  or  cell  replication  in  ER-positive  breast 

83  cancer  cells  [23-26].  Overall,  these  models  were  used  to  describe  the  importance  of 

84  a  phenolic  hydroxyl  to  tether  the  triphenylethylenes  appropriately  in  the  ligand- 

85  binding  domain  of  the  ER  and  to  establish  the  appropriate  positioning  of  an 

86  “antiestrogenic”  side  chain  in  the  “antiestrogen  region”  of  the  ER  [22]  to  modulate 

87  gene  activation  and  growth  [14,  22,  27-30].  These  structure-function  studies  that 

88  created  hypothetical  models  of  the  ligand-ER  complex  were  rapidly  advanced  with 
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the  first  reports  of  the  X-ray  crystallography  of  the  estrogen,  4-hydroxytamoxifen 
[31],  or  raloxifene  ER  ligand-binding  domain  [32]  complexes.  The  ligand-receptor 
protein  interaction  was  subsequently  interrogated  by  examining  the  interaction  of 
the  specific  amino  acid  asp  351  with  the  antiestrogenic  side  chain  of  the  ligand 
[33].  A  mutation  was  found  as  the  dominant  ER  species  in  a  tamoxifen- stimulated 
breast  tumor  grown  in  athymic  mice  [33,  34].  The  structure-function  relationships 
studies,  that  modulated  estrogen  action  at  a  transforming  growth  factor-alpha  gene 
target,  demonstrated  that  the  ligand  shape  would  ultimately  program  the  shape  of 
the  ER  complex  in  a  target  tissue  [35-39].  This  concept  is  at  the  heart  of  metabolite 
pharmacology  and  is  required  to  switch  on  and  switch  off  target  sites  around  the 
body.  The  other  piece  of  the  mechanism  of  the  SERM  puzzle  that  was  eventually 
solved  was  the  need  for  another  player  to  partner  with  the  ER  complex. 
Coactivators  [40]  can  enhance  the  estrogen-like  effects  of  compounds  at  a  target 
site  [41].  However,  in  the  early  1990s,  the  molecular  and  clinical  use  of  this 
knowledge  with  the  development  and  application  of  SERMs  was  in  the  future  [42] . 

It  is  clear  from  this  background  about  the  early  development  of  tamoxifen  and 
the  fact  that  tamoxifen  was  considered  to  be  such  a  safe  drug  in  comparison  to  other 
cytotoxic  agents  used  in  therapy  during  the  1970s  and  1980s  that  there  was  little 
enthusiasm  for  in-depth  studies  of  tamoxifen  metabolism.  However,  this  perspec¬ 
tive  was  to  change  in  the  1990s  with  the  widespread  use  of  tamoxifen  as  the  gold 
standard  for  the  treatment  and  prospect  of  clinical  trials  to  evaluate  the  worth  of 
tamoxifen  for  the  prevention  of  breast  cancer. 

The  urgent  focus  of  translational  research  in  the  early  1990s  was  to  discover  why 
tamoxifen  was  a  complete  carcinogen  in  rat  liver  [43,  44]  and  to  determine  whether 
there  was  a  link  between  metabolism  and  the  development  of  endometrial  cancer 
noted  in  very  small  but  significant  numbers  of  postmenopausal  women  taking 
adjuvant  tamoxifen  [45,  46]. 

All  interest  in  the  metabolism  of  tamoxifen  focused  on  the  production  of  DNA 
adducts  [47]  that  were  responsible  for  rat  liver  carcinogenesis  and,  at  the  time, 
believed  to  be  potentially  responsible  for  carcinogenesis  in  humans  [48].  Although 
many  candidates  were  described  [49-52],  the  metabolite  found  to  be  responsible  for 
the  initiation  of  rat  liver  carcinogenesis  is  a-hydroxytamoxifen  [53-57]  (Fig.  3.4). 
oc-Hydroxytamoxifen  has  been  resolved  into  R-(+)  and  S-(— )enantiomers.  Metabo¬ 
lism  by  rat  liver  microsomes  gave  equal  amounts  of  the  two  forms,  but  in 
hepatocytes  the  R  form  gave  8  x  the  level  of  DNA  adducts  as  the  S  form.  As  both 
had  the  same  chemical  reactivity  toward  DNA,  Osborne  et  al.  [58]  suggested  that 
the  R  form  was  a  better  sulfotransferase  substrate.  This  enzyme  is  believed  to 
catalyze  DNA  adduct  formation.  Subsequently,  Osborne  et  al.  [59]  conducted 
studies  with  alpha-hydroxy -A-desmethyltamoxifen;  the  R-(+)  gave  10  x  the  level 
of  adducts  in  rat  hepatocytes  as  the  S-(— ). 

There  were  reasonable  concerns  that  the  hepatocarcinogenicity  of  tamoxifen  in 
rats  would  eventually  translate  to  humans  but  fortunately  this  is  now  known  to  be 
untrue  [60].  The  demonstration  of  carcinogenesis  in  the  rat  liver  appears  to  be 
related  to  poor  DNA  repair  mechanisms  in  the  inbred  strains  of  rats.  In  contrast,  it 
appears  that  the  absence  of  liver  carcinogenesis  in  women  exposed  to  tamoxifen 
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o^X 


a-hydroxy  tamoxi  fen 


Fig.  3.4  The  putative  metabolite  of  tamoxifen,  a-  hydroxytamoxifen,  that  produces  DNA  adducts 
through  covalent  binding  to  deoxyguanosine  in  the  rat  liver 

[61]  is  believed  to  result  from  the  sophisticated  mechanisms  of  DNA  repair  inherent 
in  human  cells.  These  concepts  are  described  in  more  detail  in  Chap.  6. 

The  questions  that  next  needed  to  be  addressed  were:  Can  improvements  be 
made  to  the  tamoxifen  molecule?  What  happens  to  tamoxifen  in  patients? 


Metabolic  Mimicry 

The  demonstration  [1,2]  that  the  class  of  compounds  referred  to  as  nonsteroidal 
antiestrogens  were  metabolically  activated  to  compounds  with  high  binding 
affinity  for  the  ER  created  additional  opportunities  for  the  medicinal  chemists 
within  the  pharmaceutical  industry  to  develop  new  agents.  An  initial  attempt  was 
3 -hydroxytamoxifen  (droloxifene)  that  was  evaluated  extensively  in  clinical  trials. 
Those  trials  have  been  reviewed  [62]  but  no  advantages  over  tamoxifen  were  found. 
It  is  important  to  note  that  all  studies  used  higher  doses  compared  to  tamoxifen. 
This  emphasizes  the  principle  that  as  droloxifene  is  a  hydroxylated  compound  and 
is  excreted  more  rapidly. 

Drug  discovery  accelerated  once  the  nonsteroidal  antiestrogens  [63]  were 
recognized  to  be  SERMs  [64-66]  and  had  applications  not  only  for  the  treatment 
and  prevention  of  breast  cancer  but  also  as  potential  agents  to  treat  osteoporosis  and 
coronary  heart  disease  [67,  68].  The  reader  is  referred  to  other  recent  review  articles 
to  obtain  further  details  of  new  medicines  under  investigation  [67,  68]  but  some 
current  examples  are  worthy  of  note  and  will  be  mentioned  briefly.  Compounds  of 
interest  that  have  their  structural  origins  from  metabolites  of  nonsteroidal 
antiestrogens  are  summarized  in  Fig.  3.5. 
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Fig.  3.5  The  structures  of  new  SERMs  and  their  origins  from  other  antiestrogens 
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156  Raloxifene  is  an  agent  that  originally  was  destined  to  be  a  drug  to  treat  breast 

1 57  cancer  but  it  failed  in  that  application  [69] .  It  appears  that  the  pharmacokinetics  and 

158  bioavailability  of  raloxifene  are  a  challenge.  Only  about  2  %  of  administered 

159  raloxifene  is  bioavailable  [70]  but  despite  this,  the  drug  is  known  to  have  a 

160  reasonable  biological  half-life  of  27  h.  The  reason  for  this  disparity  is  that  raloxi- 

161  fene  is  a  polyphenolic  drug  that  can  be  glucuronidated  and  sulfated  by  bacteria  in 

162  the  gut  so  the  drug  cannot  be  absorbed  [71,  72].  This  phase  II  metabolism  in  turn 

163  controls  enterohepatic  recirculation  and  ultimately  impairs  the  drug  from  reaching 

164  and  interacting  with  receptors  in  the  target.  This  concern  has  been  addressed  with 

165  the  development  of  the  long-acting  raloxifene  derivative  arzoxifene  that  is  known 

166  to  be  superior  to  raloxifene  as  a  chemopreventive  in  rat  mammary  carcinogenesis 

167  [73].  One  of  the  phenolic  groups  (Fig.  3.5)  is  methylated  to  provide  protection  from 

168  phase  II  metabolism. 

169  Nevertheless,  arzoxifene  has  not  performed  well  as  a  treatment  for  breast  cancer 

170  [74,  75];  higher  doses  are  less  effective  than  lower  doses.  These  data  imply  that 

171  effective  absorption  is  impaired  by  phase  III  metabolism.  That  being  said,  the 

172  results  of  trials  evaluating  the  effects  of  arzoxifene  as  a  drug  to  treat  osteoporosis 

173  have  been  completed  [76-78]. 

1 74  Unfortunately,  the  bioavailability  of  phenolic  drugs  is  also  dependent  on  phase  II 

175  metabolism  to  inactive  conjugates  in  the  target  tissue.  4-Hydroxytamoxifen  [1]  is 

176  only  sulfated  by  three  of  seven  sulfotransferase  isoforms,  whereas  raloxifene  is 

177  sulfated  by  all  seven  [79].  Maybe  local  phase  II  metabolism  plays  a  role  in 

178  neutralizing  the  antiestrogen  action  of  raloxifene  in  the  breast.  Falany  et  al.  [79] 

179  further  report  that  SULT1E1,  that  sulfates  raloxifene  in  the  endometrium,  is  only 

180  expressed  in  the  secretory  phase.  In  contrast,  4-  hydroxytamoxifen  is  sulfated  at  all 

181  stages  of  the  uterine  cycle. 

182  Lasofoxifene  is  a  diary ltetrahydronaphthalene  derivative  referred  to  as 

183  CP336156  [80]  that  has  been  reported  to  have  high  binding  affinity  for  ER  and 

184  have  potent  activity  in  preserving  bone  density  in  the  rat  [81,  82].  The  structure  of 

185  CP336156  is  reminiscent  of  the  putative  antiestrogenic  metabolic  route  for 

186  nafoxidine  [83]  (Chap.  1,  Fig.  1.4)  that  failed  to  become  a  breast  cancer  drug 

187  because  of  unacceptable  side  effects  [84].  CP336156  is  the  /  enantiomer  that  has 

188  20  times  the  binding  affinity  for  the  ER  as  the  d  enantiomer.  Studies  demonstrate 

189  that  the  /  enantiomer  had  twice  the  bioavailability  of  the  d  enantiomer.  The  authors 

190  [80]  ascribed  the  difference  to  enantioselective  glucuronidation  of  the  d  isomer.  An 

191  evaluation  of  CP336156  in  the  prevention  and  treatment  of  rat  mammary  tumors 

1 92  induced  by  A-nitroso-A-methylurea  shows  activity  similar  to  that  of  tamoxifen  [85] . 

193  Ospemifene  or  deaminohydroxytoremifene  is  related  to  metabolite  Y  formed  by 

194  the  deamination  of  tamoxifen  [19].  Metabolite  Y  has  a  very  low  binding  affinity  for 

195  the  ER  [19,  86]  and  has  weak  antiestrogenic  properties  compared  with  tamoxifen. 

196  Ospemifene  is  a  known  metabolite  of  toremifene  (4-chlorotoremifene)  but  unlike 

197  tamoxifen,  there  is  little  carcinogenic  potential  in  animals  [87].  It  is  possible  that 

198  the  large  chlorine  atom  on  the  4  position  of  toremifene  and  ospemifene  reduces 

199  a-hydroxylation  to  the  ultimate  carcinogen  related  to  a-hydroxytamoxifen 

200  (Fig.  3.5).  Deaminohydroxytoremifene  has  very  weak  estrogenic  and  antiestrogenic 
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properties  in  vivo  [88]  but  demonstrates  SERM  activity  in  bone  and  lowers  choles¬ 
terol.  The  compound  is  proposed  to  be  used  as  a  preventative  for  osteoporosis. 
Preliminary  clinical  data  in  healthy  men  and  postmenopausal  women  demonstrate 
pharmacokinetics  suitable  for  daily  dosing  between  25  and  200  mg  [89].  Interest¬ 
ingly  enough,  unlike  raloxifene,  ospemifene  has  a  strong  estrogen-like  action  in  the 
vagina  but  neither  ospemifene  nor  raloxifene  affects  endometrial  histology  [90,  91]. 

Overall,  the  goal  of  developing  a  bone-specific  agent  is  reasonable,  but  the  key  to 
commercial  success  will  be  the  prospective  demonstration  of  the  prevention  of 
breast  and  endometrial  cancer  as  beneficial  side  effects.  This  remains  a  possibility 
based  on  prevention  studies  completed  in  the  laboratory  [92,  93]. 


Tamoxifen  Metabolism  Today 

During  the  past  decade,  there  has  been  considerable  interest  in  the  pharmaco¬ 
genetics  of  tamoxifen-metabolizing  enzymes  in  humans.  The  central  hypothesis  is 
that  aberrant  genes  responsible  for  the  metabolic  activation  of  tamoxifen  will 
influence  therapeutics. 

A  comprehensive  evaluation  of  the  sequential  biotransformation  of  tamoxifen 
has  been  completed  by  Desta  and  coworkers  [8].  They  used  human  liver 
microsomes  and  experiments  with  specifically  expressed  human  cytochrome 
P450s  to  identify  the  prominent  enzymes  involved  in  phase  I  metabolism.  Their 
results  are  summarized  in  Fig.  3.1  with  the  relevant  CYP  genes  indicated  for 
the  metabolic  transformations.  The  authors  make  a  strong  case  that 
N-desmethyltamoxifen,  the  principal  metabolite  of  tamoxifen  that  accumulates 
in  the  body,  is  converted  to  endoxifen  by  the  enzyme  variant  CYP2D6.  The 
CYP2D6  enzyme  is  also  important  to  produce  the  potent  primary  metabolite 
4 -hydroxy tamoxifen  (this  was  first  reported  by  David  Kupfer  at  the  Worcester 
Foundation  15  years  ago!  [94]),  but  the  metabolite  can  also  be  formed  by  other 
enzymes:  CYP2B6,  CYP2C9,  CY2C19,  and  CYP3A4. 

The  CYP2D6  phenotype  is  defined  as  the  metabolic  ratio  (MR)  by  dividing  the 
concentration  of  an  unchanged  probe  drug,  known  to  be  metabolized  by  the 
CYP2D6  gene  product,  by  the  concentration  of  the  relevant  metabolite  at  a  specific 
time.  These  measurements  have  resulted  in  the  division  of  the  CYP2D6  phenotype 
in  four  metabolic  classes:  poor  metabolizers  (PM),  intermediate  metabolizers  (IM), 
extensive  metabolizers  (EM),  and  ultrarapid  metabolizers  (UM).  Over  80  different 
single-nucleotide  polymorphisms  have  been  identified  but  there  are  inconsistencies 
in  the  precise  definitions  of  ascribing  a  genotype  to  a  phenotype  [95,  96].  Bradford 
[96]  and  Raimundo  and  coworkers  [97]  have  described  the  frequency  of  common 
alleles  for  CYP2D6.  Pertinent  to  the  current  discussion  of  tamoxifen  metabolism, 
the  CYP2D6*4  allele  [98]  is  estimated  to  have  a  frequency  of  12-23  %  in 
Caucasians,  1.2-7  %  in  black  Africans,  and  0-2.8  %  in  Asians  [95,  96].  A  lower 
estimate  of  (<10  %)  of  the  PM  phenotype  is  presented  by  Bernard  and 
coworkers  [99]. 
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242  The  molecular  pharmacology  of  endoxifen  has  been  reported  [7,  100, 

243  101].  Endoxifen  and  4 -hydroxy tamoxifen  were  equally  potent  at  inhibiting 

244  estrogen-stimulated  growth  of  ER-positive  breast  cancer  cells  MCF-7,  T47D,  and 

245  BT474.  Both  metabolites  are  significantly  superior  in  vitro  to  tamoxifen  the  parent 

246  drug.  Additionally,  the  estrogen-responsive  genes  pS2  and  progesterone  receptor 

247  were  both  blocked  to  an  equivalent  degree  by  endoxifen  and  4-hydroxytamoxifen 

248  [100,  101].  Lim  and  coworkers  [101]  have  extended  the  comparison  of  endoxifen 

249  and  4-hydroxytamoxifen  in  MCF-7  cells  by  comparing  and  contrasting  global  gene 

250  regulation  using  the  Affymetrix  U133A  Gene  Chip  Array.  There  were  4,062  total 

251  genes  that  were  either  up-  or  downregulated  by  estradiol,  whereas,  in  the  presence 

252  of  estradiol,  4-hydroxytamoxifen  or  endoxifen  affected  2,444  and  2,390  genes, 

253  respectively.  Overall,  the  authors  [101]  demonstrated  good  correlation  between 

254  RT-PCR  and  select  genes  from  the  microarray  and  concluded  that  the  global  effects 

255  of  endoxifen  and  4-hydroxytamoxifen  were  similar. 

256  Stearns  and  coworkers  [102] and  Jin  and  coworkers  [103]  have  confirmed  and 

257  significantly  extended  Lien’s  original  identification  of  endoxifen  and  observation 

258  [5,  6]  that  there  are  usually  higher  circulating  levels  of  endoxifen  than 

259  4-hydroxytamoxifen  in  patients  receiving  adjuvant  tamoxifen  therapy.  However, 

260  Flockhart’s  group  [102]  has  advanced  the  pharmacogenomics  and  drug  interactions 

261  surrounding  tamoxifen  therapy  that  should  be  a  consideration  in  the  antihormonal 

262  treatment  of  breast  cancer. 

263  The  ubiquitous  use  of  tamoxifen  for  the  treatment  of  node-negative  women 

264  [104]  during  the  1990s,  the  use  of  tamoxifen  plus  radiotherapy  following  lumpec- 

265  tomy  for  the  treatment  of  ductal  carcinoma  in  situ  (DCIS)  [105],  as  well  as  the 

266  option  to  use  tamoxifen  for  chemoprevention  in  high-risk  pre-  and  postmenopausal 

267  women  [106]  enhanced  awareness  of  the  menopausal  side  effects  experienced  by 

268  women  when  taking  tamoxifen.  Up  to  45  %  of  women  with  hot  flashes  grade  them 

269  as  severe  [106];  therefore,  there  have  been  efforts  to  improve  quality  of  life. 

270  Treatments  with  the  SSRIs  are  popular  [102,  107,  108]  (Fig.  3.6).  The  SSRIs  are 

271  twice  as  effective  as  the  “placebo”  effect  at  reducing  menopausal  symptoms  in 

272  randomized  clinical  trials  [107-109],  so  there  is  naturally  an  increased  usage  of 

273  SSRIs  with  long-term  tamoxifen  treatment  to  maintain  compliance.  Unfortunately, 

274  the  metabolism  of  tamoxifen  to  hydroxylated  metabolites  [94,  110,  111]  and  the 

275  metabolism  of  SSRIs  [9,  112-115]  both  occur  via  the  CYP2D6  gene  product. 

276  Indeed  Stearns  and  coworkers  [102]  showed  that  the  paroxetine  reduced  the  levels 

277  of  endoxifen  during  adjuvant  tamoxifen  therapy  and  endoxifen  levels  decrease  by 

278  64  %  in  women  with  wild- type  CYP2D6  enzyme.  Patients  were  examined  who 

279  were  taking  venlafaxine,  sertraline,  and  paroxetine  and  compared  with  those 

280  women  who  were  homozygotes  for  the  CYP2D6*4/*4  inactive  genotype.  Patients 

281  with  the  wild-type  gene  who  took  the  most  potent  inhibitor  paroxetine  had  serum 

282  levels  of  endoxifen  equivalent  to  the  patients  with  the  aberrant  CYP2D6  gene.  In 

283  fact,  the  clinical  data  were  consistent  with  the  inhibition  constants  for  the  inhibition 

284  of  CYP2D6  by  paroxetine  (potent),  fluoxetine,  sertraline,  citalopram  (intermedi- 

285  ate),  and  venlafaxine  (weak)  which  are  0.05,  0.17,  1.5,  7,  and  33  pmol/1, 

286  respectively. 
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Fig.  3.6  The  structures  of  selective  serotonin  reuptake  inhibitors  (SSRIs)  that  have  low  interme¬ 
diate  to  high  affinity  for  the  CYP2D6  enzyme  system.  High  affinity  binders  for  CYP2D6  block  the 
metabolic  activation  of  tamoxifen  to  endoxifen  (Fig.  3.1) 

The  CYP2D6  gene  product  that  is  fully  functional  (wild  type)  is  classified  as  the  287 
CYP2D6*1.  A  large  number  of  alleles  are  associated  with  no  enzyme  activity  or  288 
reduced  activity.  Conversely,  high  metabolizers  can  have  multiple  copies  of  the  289 
CYP2D6  allele  [116].  A  recent  study  by  Borges  and  coworkers  [117]  continues  to  290 
expand  our  understanding  of  the  detrimental  effect  of  CYP2D6  variants  plus  291 
concomitant  administration  of  SSRIs  on  endoxifen  levels.  But,  it  is  the  clinical  292 
correlations  with  tumor  responses  and  side  effects  that  are  of  importance  if  293 
pharmacogenomics  is  to  be  truly  relevant  in  breast  cancer  therapy.  294 
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The  metabolic  activation  of  tamoxifen  to  endoxifen  by  the  CYP2D6  enzyme  system  296 
still  remains  controversial  to  plan  the  treatment  of  patients  with  breast  cancer.  Since  297 
the  discovery  and  description  of  the  pharmacological  properties  of  endoxifen,  298 
retrospective  clinical  trials  were  examined  to  determine  the  pharmacological  rele-  299 
vance  of  endoxifen.  The  results  of  clinical  trials,  however,  vary.  Clinical  investiga-  300 
tion  by  Dieudonne  and  coworkers  [118]  have  shown  that  patients  with  CYP2D6*4/  301 
*4  homozygous  mutation,  which  reduces  the  levels  of  endoxifen  in  patients’  302 
plasma,  are  still  responding  to  tamoxifen  treatment  and  tamoxifen  still  has  an  effect  303 
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304  on  endometrial  tissue  and  elevated  the  plasma  levels  of  FSH  and  SHBG  in  those 

305  patients  to  the  levels  found  in  general  tamoxifen-treated  population.  Study  by 

306  Schroth  and  coworkers  [119]  have  shown  that  there  was  an  association  of 

307  CYP2D6  genotype  and  clinical  outcome  for  breast  cancer  patients,  in  particular 

308  the  presence  of  two  wild-type  alleles  correlated  with  better  clinical  outcomes  and 

309  presence  of  mutant  alleles  with  worse  outcomes.  Study  by  Kiyotani  and  coworkers 

310  [120]  showed  also  that  there  is  a  significant  correlation  between  the  presence  of  risk 

31 1  alleles  of  CYP2D6,  which  are  associated  with  lower  plasma  levels  of  endoxifen, 

312  and  significantly  lower  recurrence-free  survival  in  breast  cancer  patients  that  were 

313  taking  tamoxifen  as  monotherapy.  Study  by  Lammers  and  coworkers  [121]  also  has 

314  demonstrated  correlation  between  the  overall  survival  of  breast  cancer  patients  that 

315  were  taking  tamoxifen  40  mg  daily  with  poor  metabolizer  genotype,  compared  to 

316  patients  with  extensive  metabolizer  genotype.  A  study  by  Madlensky  and 

317  coworkers  [122]  has  shown  that  there  is  no  association  between  breast  cancer 

318  outcomes  and  the  concentrations  of  4-hydroxytamoxifen  or  endoxifen;  however, 

319  they  have  demonstrated  a  threshold  of  endoxifen  concentration,  below  which  there 

320  is  an  increase  in  breast  cancer  recurrence  rate  and  that  about  80  %  of  patients  are 

321  above  that  threshold.  Interestingly,  their  threshold  concentration  of  endoxifen  is 

322  equivalent  to  concentrations  found  in  patients  with  poor  metabolizer  genotype.  In 

323  the  study  by  Lash  and  co workers  [123],  it  was  shown  that  there  is  virtually  no 

324  correlation  between  recurrence  rates  of  breast  cancer  in  patients  and  the  presence  of 

325  one  or  two  functional  alleles.  However,  in  2012  results  of  studies  from  Arimidex, 

326  Tamoxifen,  Alone  or  in  Combination  (AT AC)  and  Breast  International  Group 

327  (BIG)  1-98  trails  were  published  [124,  125].  The  results  concurrently  showed  no 

328  association  between  the  recurrence  rates  and  the  genotypes  of  the  postmenopausal 

329  patients  taking  tamoxifen  alone  or  in  combination  with  aromatase  inhibitor.  The 

330  results  of  the  trials  have  sparked  a  controversy  [126] .  One  thing  that  is  certain  is  that 

331  endoxifen  plasma  levels  do  vary  in  patients  taking  tamoxifen  depending  on  their 

332  metabolic  genotype  [127,  128].  It  should  be  noted  that  in  some  of  the  trials  the 

333  patients  were  postmenopausal  or  had  previous  chemotherapy.  In  2012,  we 

334  simulated  the  estrogen  environment  of  postmenopausal  women  in  vitro  and  test 

335  the  antiestrogenic  properties  of  tamoxifen  and  its  metabolites  in  physiological 

336  concentrations  on  a  panel  of  ER-positive  human  breast  cancer  cell  lines  (MCF-7, 

337  T47D,  ZR-75-1,  and  BT474).  The  concentrations  of  estrogens  (E1/E2)  used  to 

338  simulate  postmenopausal  women  treated  with  tamoxifen  were  obtained  from 

339  published  studies  [129,  130],  as  well  as  the  concentrations  of  tamoxifen  and  its 

340  metabolites  (N-desmethyltamoxifen,  4-hydroxytamoxifen,  and  endoxifen)  based 

341  on  the  CYP2D6  genotype  in  postmenopausal  breast  cancer  patients  [128].  Our 

342  results  demonstrate  that  irrespective  of  CYP2D6  genotype  (extensive,  intermediate, 

343  or  poor  metabolizers  (EM,  IM,  and  PM,  respectively)),  tamoxifen  and  its  primary 

344  metabolites  (N-desmethyltamoxifen  and  4-hydroxytamoxifen)  are  able  to  inhibit 

345  completely  the  estrogen- stimulated  growth  of  breast  cancer  cells  in  vitro.  Addi- 

346  tional  endoxifen  in  any  concentration  corresponding  to  CYP2D6  genotype  was  not 

347  able  to  increase  the  antiestrogenic  effect  of  tamoxifen  and  its  primary  metabolites. 

348  Moreover,  we  demonstrate  that  4-hydroxytamoxifen  is  absolutely  essential  for 
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inhibition  of  estrogen  action.  Based  on  our  results,  we  can  conclude  that  endoxifen 
is  pharmacologically  supportive  but  not  essential  for  any  genotype  of  CYP2D6  in  a 
postmenopausal  setting. 

However,  little  is  known  on  the  role  on  the  antiestrogenic  impact  of  endoxifen  in 
premenopausal  women  that  are  treated  with  tamoxifen.  We  have  simulated 
premenopausal  estrogen  environment  in  vitro  and  used  the  same  concentrations 
of  tamoxifen  and  its  metabolites  found  in  different  CYP2D6  genotypes.  Our  results 
show  that  tamoxifen  and  its  primary  metabolites  are  able  to  inhibit  partially  the 
estrogenic  effect  in  the  same  panel  of  ER-positive  human  breast  cancer  cell  lines; 
however,  the  addition  of  endoxifen,  unlike  in  postmenopausal  simulation,  further 
inhibits  the  estrogens.  Interestingly,  the  higher  concentrations  of  endoxifen 
associated  with  EM  and  IM  genotypes  are  inhibiting  estrogens  better,  than  at 
lower  concentrations  as  found  patients  with  PM  genotype.  It  should  be  noted  that 
addition  of  endoxifen  at  PM  concentrations  does  not  increase  the  antiestrogenic 
properties  of  tamoxifen  and  its  primary  metabolites  in  vitro.  It  was  shown  that  the 
increase  of  tamoxifen  dose  in  breast  cancer  patients  increases  the  plasma  levels  of 
endoxifen  [131-133].  In  particular,  it  was  shown  by  Irvin  and  coworkers  [131]  that 
the  increase  of  tamoxifen  dose  to  40  mg  daily  administered  by  patients  with  IM  and 
PM  genotype  increased  the  plasma  levels  of  endoxifen.  Using  these  levels  of 
increased  tamoxifen  and  its  metabolites,  we  have  simulated  the  average 
premenopausal  estrogen  setting  in  vitro  and  assessed  the  pharmacological  impact 
of  increased  concentrations  of  endoxifen  in  IM  and  PM  setting.  Our  results  show 
that  biologically  there  is  no  significant  difference  after  treatments  with  tamoxifen 
primary  metabolites  and  endoxifen  at  concentrations  corresponding  to  20  and 
40  mg/daily.  Interestingly,  none  of  the  tamoxifen  treatments  were  able  to  fully 
inhibit  the  estrogen  action  in  MCF-7  and  T47D  cells  in  the  premenopausal  setting; 
increasing  the  concentrations  of  endoxifen  to  levels  higher  than  physiological  was 
able  to  fully  inhibit  estrogen  action.  We  conclude  that  endoxifen  thus  contributes  to 
inhibition  of  estrogen  action  and  growth  of  ER-positive  breast  cancer  cells;  how¬ 
ever,  endoxifen  plays  a  supportive  in  a  situation  following  chemotherapy  in 
premenopausal  patients. 

Postscript.  On  my  return  from  the  United  States  to  Leeds  University  in  1974,  I 
was  supported  by  the  ICI  Pharmaceutical  Division  Clinical  Department  and  the 
Yorkshire  Cancer  Campaign.  In  1975, 1  initially  wished  to  study  the  hydroxylated 
metabolites  of  tamoxifen  for  two  reasons:  (1)  would  the  metabolites  be  estrogens  if 
low  affinity  was  important  for  antiestrogenic  activity  or  (2)  would  potent 
antiestrogen  effects  of  the  metabolites  explain  the  potent  antiestrogenic  properties 
of  tamoxifen  in  rats  but  the  really  weak  antiestrogenic  activity  to  block  ER  in  vitro. 
Dora  Richardson  gave  me  their  limited  supply  of  the  precious  metabolites 
monohydroxy  tamoxifen  (metabolite  B)  and  dihydroxy  tamoxifen  (metabolite  D). 

My  students  at  Leeds  University  Clive  Dix  and  Margaret  Collins  took  the 
leading  roles  in  discovering  the  pharmacological  properties  of  4-hydroxytamoxifen 
(the  correct  name  of  metabolite  B).  I  recall  telling  Clive  Dix  to  redo  all  ligand¬ 
binding  experiments  of  4-hydroxytamoxfien  competition  inhibiting  the  binding  of 
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393  [3H] estradiol  to  rat  uterine  cytosolic  ER.  “Look  Clive,  there  are  no  reports  of  a 

394  nonsteroidal  antiestrogens  binding  to  the  ER  with  the  same  affinity  as  estradiol- 

395  learn  to  do  your  serial  dilutions  properly!”  He  was  correct  and  it  was  an  important 

396  discovery.  When  we  discovered  the  potent  antiestrogenic  properties  of 

397  4-hydroxytamoxifen,  I  was  informed  by  Sandy  Todd  at  ICI  Pharmaceutical 

398  Division  that  there  were  no  patents  for  the  metabolites.  The  scientists  at  ICI  had 

399  clearly  never  believed  the  clinical  development  process  would  take  off,  as  it  did  in 

400  the  early  1970s  with  animal  data  to  support  clinical  trials.  A  rule  at  ICI  that  all  drug 

401  metabolites  for  a  drug  in  active  development  and  marketing  had  to  be  patented  had 

402  been  broken  (remember  the  program  was  terminated  in  1972).  As  a  result,  in  1976, 1 

403  agreed  to  write  up  our  paper,  lodge  it  with  ICI  staff  at  ICI  Pharmaceutical  Division, 

404  and  delay  publishing  until  a  patent  was  obtained  for  4-hydroxytamoxifen.  This 

405  occurred  1  year  later.  I  also  voluntarily  agreed  to  not  talk  about  our  work  in  1976  as 

406  it  was  important  to  get  tamoxifen  FDA  approved  in  the  United  States.  In  1976, 1  set 

407  off  to  Key  Biscayne  to  the  NSABP  meeting  to  tell  them  all  about  tamoxifen  [134]. 

408  What  happened  to  4-hydroxytamoxifen?  It  became  the  antiestrogen  of  choice 

409  for  all  laboratory  studies  in  vitro  for  the  next  30  years,  but  we  also  showed  it  was 

410  not  the  product  to  be  developed  instead  of  tamoxifen  [135].  If  tamoxifen  was  a 

411  prodrug,  then  4-hydroxytamoxifen  could  be  the  active  agent.  The  patent  for 

412  4-hydroxytamoxifen  was  sold  to  Besins  International  and  a  French  physician 

413  Dr.  Maurvais  Jarvais,  who  advanced  the  proposal  that  breast  cancer  and  breast 

414  pain  could  be  resolved  with  a  daily  preparation  rubbed  on  the  breast  [136].  Clinical 

415  trials  have  addressed  this  issue  over  the  past  30  years. 

416  I  was  subsequently  awarded  a  Leeds  University/ICI  Pharmaceutical  Division 

417  Joint  Research  scheme  to  evaluate  the  therapeutic  potential  of  6,7  alpha-substituted 

418  estradiol  alkylated  derivatives.  We  had  discovered  that  substitution  of  the  6  and 

419  7  positions  of  estradiol  still  retained  significant  binding  affinity  of  the  ligand  for  the 

420  receptor.  The  idea  was  to  use  the  estradiol  as  the  carrier  molecule  for  an  alkylating 

421  moiety  to  be  delivered  to  the  DNA  precisely  and  kill  ER -positive  breast  cancers. 

422  Alternatively,  we  could  radiolabel  the  estradiol  and  subsequently  discover  the  sites 

423  for  estrogen-regulated  genes.  Neither  of  these  ideas  were  successful.  We  published 

424  our  findings  [137]  but  did  not  follow  up  the  7-substituted  estradiol  with  a  (CH2)io 

425  side  chain.  The  further  development  of  the  idea  was  to  result  in  the  pure 

426  antiestrogen  fulvestrant  [138],  but  this  was  entirely  the  discovery  of  the  Pharma- 

427  ceutical  Industry,  with  Alan  Wakeling  and  his  team. 

428  We  will  find  out  what  happened  to  the  idea  of  estradiol  with  a  long  side  chain  at 

429  position  7  in  Chap.  5. 
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Chapter  4 

Adjuvant  Therapy:  The  Breakthrough 


Abstract  The  finding  that  long-term  tamoxifen  therapy  of  rats  previously  treated 
with  a  chemical  carcinogen  7,12-dimethylbenzanthracene  (DMBA)  has  a  suppres¬ 
sion  of  mammary  tumorigenesis  as  long  as  treatment  was  continued  to  create  a  new 
strategy  to  save  lives.  These  pivotal  laboratory  studies  changed  clinical  practice. 
The  initiation  of  numerous  international  randomized  clinical  trials  of  extended 
adjuvant  tamoxifen  therapy  for  patients  with  ER-positive  tumors  demonstrated 
longer  was  better  to  save  lives.  Recurrences  were  controlled  by  tamoxifen  and 
mortality  decreases  by  at  least  30  %.  Current  indications  are  that  10  years  of 
adjuvant  tamoxifen  is  superior  to  5  years  of  adjuvant  tamoxifen. 

Introduction 

The  initial  success  of  adjuvant  monotherapy  with  L-phenylalanine  mustard  [1]  or 
combination  chemotherapy  [2]  to  delay  the  recurrence  of  node-positive  breast 
cancer  encouraged  the  investigation  of  other,  perhaps  less  toxic,  therapies.  Most 
of  the  beneficial  effects  of  adjuvant  chemotherapy  were  noted  in  premenopausal 
women.  In  retrospect,  this  result  was  almost  certainly  a  “chemical  oophorectomy” 
produced  by  the  cancer  treatment.  During  the  1970s  and  1980s,  numerous  reports 
[3,  4]  described  the  changes  in  women’s  endocrinology  as  ovarian  function  is 
destroyed.  Indeed,  in  the  premenopausal  women  with  breast  cancer,  combination 
cytotoxic  chemotherapy  can  be  considered  to  be  endocrine  therapy  [5].  The  low 
reported  incidence  of  side  effects  noted  with  tamoxifen  [6,  7]  with  modest  efficacy 
naturally  caused  clinicians  to  consider  adjuvant  antiestrogen  therapy.  But  the 
question  to  be  addressed  was  “How  long  is  long  enough  for  adjuvant  tamoxifen 
therapy?” 

During  the  1970s,  at  a  time  that  tamoxifen  was  available  in  the  United  Kingdom 
for  the  treatment  of  metastatic  breast  cancer  in  postmenopausal  women,  and  only 
being  evaluated  for  that  indication  in  the  United  States  until  approval  by  the  FDA  in 
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29  December  1977.  The  laboratory  studies  in  the  1970s  would  encourage  the  testing  of 

30  long-term  adjuvant  treatment,  but  the  change  in  conservative  clinical  philosophy 

31  about  using  a  “palliative”  treatment  of  low  efficacy  would  take  a  decade  [8]. 

32  Laboratory  studies  using  the  DMBA-induced  rat  mammary  carcinoma  model 

33  were  first  used  to  explore  whether  tamoxifen  would  be  an  effective  adjuvant  therapy 

34  and  whether  the  drug  produces  a  tumoristatic  or  tumoricidal  effect  in  vivo.  Studies 

35  with  estrogen  receptor  (ER)  in  positive  MCF-7  breast  cancer  cells  in  vitro  had 

36  previously  indicated  that  tamoxifen  could  be  a  tumoricidal  drug  [9],  but  the  results 

37  from  the  DMBA  studies  in  vivo  (first  reported  at  a  breast  cancer  symposium  at 

38  King’s  College,  Cambridge,  England,  in  September  1977)  (Fig.  4.1)  demonstrated 

39  that  a  short  course  of  tamoxifen  therapy  (1  month)  given  1  month  after  the 

40  carcinogenic  insult  only  delayed  the  appearance  of  mammary  tumors;  continuous 

41  therapy  (for  6  months)  resulted  in  90  %  of  the  animals  remaining  tumor  free 

42  (Fig.  4.2)  [12,  13].  Indeed  if  tamoxifen  therapy  is  stopped,  tumors  appear 

43  [14].  Thus,  tamoxifen  was  shown  to  have  a  tumoristatic  component  to  its  mode  of 

44  action,  and  the  laboratory  results  indicated  that  long-term  (up  to  5  years)  or 

45  indefinite  therapy  might  be  the  best  clinical  strategy  for  adjuvant  treatment. 

46  Subsequent  laboratory  studies  using  DMBA-  or  N-nitrosomethylurea  (NMU)- 

47  induced  rat  mammary  tumors  [15-17]  or  human  breast  cancer  cell  lines  inoculated 

48  into  athymic  mice  [18-20]  have  all  supported  the  initial  observation.  However, 

49  most  attention  has  naturally  focused  on  the  clinical  evaluation  of  adjuvant  tamoxi- 

50  fen  therapy. 


51  Adjuvant  Therapy  with  Tamoxifen 

52  Several  trials  of  tamoxifen  monotherapy  as  an  adjuvant  to  mastectomy  were 

53  initiated  toward  the  end  of  the  1970s.  The  majority  of  clinical  trial  organizations 

54  selected  a  conservative  course  of  1  year  of  adjuvant  tamoxifen  [21-27].  This 

55  decision  was,  however,  based  on  a  number  of  reasonable  concerns.  Patients  with 

56  advanced  disease  usually  respond  to  tamoxifen  for  1  year,  and  it  was  expected  that 

57  ER-negative  disease  would  be  encouraged  to  grow  prematurely  during  adjuvant 

58  therapy.  If  this  growth  was  to  occur,  then  the  physician  would  have  already  used  a 

59  valuable  palliative  drug  and  would  have  only  combination  chemotherapy  to  slow 

60  the  relentless  growth  of  recurrent  disease.  A  related  argument  involved  the  chang- 

61  ing  strategy  for  the  application  of  adjuvant  combination  chemotherapy.  Recurrent 

62  treatment  cycles  (2  years)  of  cytotoxic  chemotherapy  were  found  to  be  of  no  long- 

63  term  benefit  for  the  patient.  An  aggressive  course  of  short-term  treatment  (6  months) 

64  with  the  most  active  cytotoxic  drugs  could  have  the  best  chance  to  kill  tumor  cells 

65  before  the  premature  development  of  drug  resistance.  The  same  argument  provided 

66  an  intuitive  reluctance  to  use  long-term  tamoxifen  therapy  because  it  would  lead  to 

67  premature  drug  resistance:  longer  might  not  be  better. 

68  Finally,  there  were  sincere  concerns  about  the  side  effects  of  adjuvant  therapy 

69  and  the  ethical  issues  of  treating  patients  who  might  never  have  recurrent  disease. 
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Fig.  4.1  Breast  cancer  symposium  at  King’s  College,  Cambridge,  England,  in  September  1977. 
The  concept  of  extended  adjuvant  tamoxifen  treatment  was  first  proposed  at  this  meeting.  Clinical 
studies  of  1-year  adjuvant  tamoxifen  were  in  place;  regrettably,  a  decade  later,  this  approach  was 
shown  to  produce  little  survival  benefit  for  patients.  In  the  insets,  (top)  V.  Craig  Jordan,  who 
presented  the  new  concept,  and  (bottom  left )  Dr.  Helen  Stewart,  who  was  a  participant  at  the 
conference.  She  would  initiate  a  pilot  trial  in  1978  and,  led  by  Sir  Patrick  Forest,  would  later  guide 
the  full  randomized  Scottish  trial  of  the  5-year  adjuvant  tamoxifen  treatment  versus  control  in  the 
1980s.  Both  clinical  trials  were  later  proven  to  produce  survival  advantages  for  patients.  The 
concept  of  longer  tamoxifen  treatment  producing  more  survival  benefits  for  patients  was  eventu¬ 
ally  established  indirectly  by  the  Oxford  Overview  Analysis  in  1992  [10]  and  directly  by  the 
Swedish  group  led  by  Dr.  Lars  Rutqvist  [11] 


Although  this  argument  primarily  focused  on  chemotherapy  and  node-negative  70 
patients,  it  is  fair  to  say  that  few  women  in  the  mid-1970s  had  received  extended  71 
therapy  with  tamoxifen,  so  that  long-term  side  effects  were  largely  unknown.  The  72 
majority  of  tamoxifen-treated  patients  had  received  only  about  2  years  of  treatment  73 
for  advanced  disease  before  drug  resistance  occurred.  Potential  side  effects  of  74 
thrombosis,  osteoporosis,  and  so  on  were  only  of  secondary  importance.  The  use  75 
of  tamoxifen  in  the  disease-free  patient  would  change  that  perspective.  76 
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Days  After  DMBA 
]  Short  Therapy  30  Days 

Continuous  Therapy 


Fig.  4.2  The  effectiveness  of  long-term  tamoxifen  treatment  in  the  dimethylbenzanthracene 
(DMB  A)-induced  rat  mammary  carcinoma  model.  The  administration  of  20-mg  DMB  A  by  gavage 
to  50-day-old  female  Sprague-Dawley  rats  in  all  animals  developing  mammary  tumors  160  days 
later.  The  short-term  (30  days)  administration  of  different  daily  doses  (12.5-800  pg)  of  tamoxifen 
between  days  30  and  60  after  DMBA  results  in  a  delay  of  tumor  formation.  However,  not  all 
animals  are  protected  from  the  carcinogen.  In  contrast,  the  daily  administration  of  a  clinically 
relevant  dose  (50  pg  daily  =  0.25  mg/kg  in  rats  or  20  mg  daily  to  a  70  kg  woman)  of  tamoxifen 
continuously,  starting  30  days  after  DMBA,  results  in  90  %  of  animals  remaining  tumor  free 

77  In  1977,  Dr.  Douglass  C.  Tormey  organized  the  first  evaluation  of  long-term 

78  tamoxifen  therapy  in  node-positive  patients  treated  with  combination  chemother- 

79  apy  plus  tamoxifen  [28,  29].  This  pilot  study  was  initiated  to  determine  whether 

80  patients  could  tolerate  5  years  of  adjuvant  tamoxifen  therapy  and  whether  metabolic 

81  tolerance  would  occur  during  long-term  tamoxifen  therapy.  No  unusual  side  effects 

82  of  tamoxifen  therapy  were  noted,  and  blood  levels  of  tamoxifen  and  its  metabolites 

83  N-desmethyltamoxifen  and  metabolite  Y  remained  stable  throughout  the  5  years  of 

84  treatment.  Although  this  study  was  not  a  randomized  trial,  those  patients  who 

85  received  long-term  tamoxifen  therapy  continued  to  make  excellent  progress,  and 

86  many  patients  took  the  drug  for  more  than  14  years.  We  reported  [30]  that  tamoxi- 

87  fen  does  not  produce  metabolic  tolerance  during  10  years  of  administration.  Serum 

88  levels  of  tamoxifen  and  its  metabolites  are  maintained. 

89  The  metabolic  stability  data  and  the  DMBA-induced  rat  mammary  carcinoma 

90  data  [31]  were  used  to  support  randomized  Eastern  Cooperative  Oncology  Group 

91  (ECOG)  trials  EST  4181  and  5181.  An  early  analysis  of  EST  4181,  which  compares 

92  short-term  tamoxifen  with  long-term  tamoxifen  (both  with  combination  chemother- 

93  apy),  demonstrated  an  increase  in  disease-free  survival  with  long-term  tamoxifen 

94  therapy  [32].  In  fact,  the  5 -year  tamoxifen  arm  went  through  a  second  randomiza- 

95  tion  either  to  stop  the  tamoxifen  or  to  continue  the  antiestrogen  indefinitely.  The 

96  National  Surgical  Adjuvant  Breast  and  Bowel  Project  (NSABP)  clinical  trial 

97  organization  has  conducted  a  registration  study  of  2  years  of  combination 
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chemotherapy  (L-PAM,  5-FU)  plus  tamoxifen  with  an  additional  year  of  tamoxifen 
alone  [33]  to  build  on  the  successes  of  the  earlier  trials  that  demonstrated  the 
efficacy  of  tamoxifen  in  receptor-positive  postmenopausal  patients  [34-36].  Over¬ 
all,  these  investigators  conclude  that  3  years  of  tamoxifen  confers  a  significant 
advantage  for  patients  over  2  years  of  tamoxifen. 

Although  the  2-year  adjuvant  tamoxifen  study  that  was  conducted  by  the 
Nolvadex  Adjuvant  Trial  Organization  (NATO)  was  the  first  to  demonstrate  a 
survival  advantage  for  women  [37],  subsequent  clinical  trials  all  evaluated  a  longer 
duration  of  tamoxifen  therapy.  A  small,  randomized  clinical  trial  of  3  years  of 
tamoxifen  versus  no  treatment  demonstrated  a  survival  advantage  for  ER-positive 
patients  who  receive  tamoxifen  [38].  Similarly,  the  Scottish  trial  that  evaluated 
5  years  of  tamoxifen  versus  no  treatment  demonstrated  a  survival  advantage  for 
patients  who  take  tamoxifen  [39].  The  Scottish  trial  is  particularly  interesting 
because  it  addresses  the  question  of  whether  to  administer  tamoxifen  early  as  an 
adjuvant  or  to  save  the  drug  until  recurrence.  This  comparison  was  possible  because 
most  patients  in  the  control  arm  received  tamoxifen  at  recurrence.  Early  concerns 
that  long-term  adjuvant  tamoxifen  would  result  in  premature  drug  resistance  are 
unjustified,  because  the  patients  have  a  survival  advantage  on  the  adjuvant  tamoxi¬ 
fen  arm.  Indeed,  an  analysis  of  non-cancer-related  deaths  in  the  Scottish  trial 
demonstrated  a  significant  decrease  in  fatal  myocardial  infarction  for  patients 
receiving  adjuvant  tamoxifen  for  5  years  [40].  A  number  of  other  studies  also 
demonstrate  a  decrease  in  coronary  heart  disease  with  tamoxifen  [41,  42]  but 
there  is  no  overall  consensus  on  this  point  and  the  overview  analysis  of  clinical 
trials  does  not  support  enhanced  survival  by  reduced  coronary  heart  disease  in 
women  taking  tamoxifen. 


Studies  in  Premenopausal  Women 

Tamoxifen  was  initially  used  in  premenopausal  women  to  treat  menometrorrhagia 
[43]  and  to  induce  ovulation  in  infertile  women  [44,  45].  Subsequent  evaluation  of 
the  endocrine  effects  of  tamoxifen  by  Groom  and  Griffiths  [46]  revealed  an  increase 
in  ovarian  estrogen  production. 

Although  concerns  have  been  expressed  about  the  potential  for  the  reversal  of 
tamoxifen’s  action  in  a  high-estrogen  environment,  tamoxifen  can  effectively 
control  the  growth  of  advanced  breast  cancer  in  premenopausal  patients  [47-51], 
and  small  clinical  trials  have  demonstrated  that  tamoxifen  and  oophorectomy  [52, 
53]  have  similar  efficacy.  Adjuvant  monotherapy  with  tamoxifen  has  shown  effi¬ 
cacy  in  node-positive  premenopausal  patients  [54],  but  most  experience  has  been 
derived  from  the  study  B14  of  node-negative  ER-positive  premenopausal  patients 
conducted  by  the  NSABP  [55].  Tamoxifen  increases  the  disease-free  survival  and, 
perhaps  most  importantly,  the  antiestrogen  is  active  in  premenopausal  women.  The 
protocol  used  an  initial  treatment  period  of  5  years  of  adjuvant  tamoxifen,  continue 
tamoxifen  for  an  additional  5 -year  period.  No  advantages  were  found  for  longer 
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139  adjuvant  therapy  but  there  were  more  reported  side  effects  [55].  However,  this  is  a 

140  very  small  trial  and  the  issue  of  extending  tamoxifen  therapy  in  the  ATLAS 

141  (Adjuvant  Tamoxifen:  Longer  Against  Shorter)  trial  from  5  to  10  years  is  currently 

142  being  addressed.  The  following  questions  have  now  been  asked:  (1)  What  are  the 

143  advantages  and  disadvantages  of  5  versus  10  years  of  adjuvant  tamoxifen?  (2)  What 

144  are  the  improvements  in  mortality  during  and  after  10  years  of  adjuvant  tamoxifen? 

145  The  initial  results  of  the  ATLAS  trial  with  12,984  women  who  have  completed 

146  5  years  of  adjuvant  tamoxifen  are  randomized  to  stop  or  continue  for  a  further 

147  5  years.  The  report  of  6,846  women  with  ER-positive  disease  is  reported  [56]  and 

148  compared  with  the  earlier  analysis  of  no  treatment  versus  5  years  of  adjuvant 

149  tamoxifen  [57].  These  enormous  data  sets  confirm  that  endometrial  cancer  is  the 

150  only  side  effect  of  concern  in  postmenopausal  women,  but  deaths  from  endometrial 

151  cancer  do  not  offset  the  benefits  of  adjuvant  tamoxifen  with  an  enhanced  50  % 

152  decrease  in  mortality  in  the  decade  after  10  years  of  tamoxifen. 

153  These  data  [56]  will  be  compared  with  aTTom  (adjuvant  Tamoxifen 

154  Treatment — offer  more?)  in  2013  and  regular  follow-ups  will  occur  with  reporting 

155  over  the  next  2  years. 

156  Tamoxifen  is  currently  available  to  treat  selected  patients  at  each  stage  of  breast 

157  cancer,  but  the  overview  analysis  of  randomized  clinical  trials  has  precisely 

158  described  the  worth  of  antiestrogen  therapy.  By  way  of  an  introduction,  the 

159  overview  analysis  wonderfully  demonstrated  that  “longer  is  better”  for  the  effec- 

160  tiveness  of  different  durations  of  adjuvant  tamoxifen  alone  used  to  treat 

161  premenopausal  women  with  ER-positive  breast  cancer.  One  year  of  adjuvant 

162  therapy  is  completely  ineffective  in  improving  either  recurrence  or  survival 

163  (Fig.  4.3).  Five  years  of  tamoxifen  produces  30  %  decrease  in  mortality  and  a 

164  50  %  decrease  in  recurrence. 


165  Overview  of  Clinical  Trials 

166  The  first  overview  analysis  of  adjuvant  therapy  for  breast  cancer  was  conducted  in 

167  1  984  by  Richard  Peto,  Rory  Collins,  and  Richard  Gray  leading  the  team  for  the 

168  Clinical  Trials  Unit  of  Oxford  University.  Analysis  of  clinical  trials’  results 

169  pertaining  to  tamoxifen  demonstrated  not  only  a  decrease  in  recurrence-free  sur- 

170  vival  for  postmenopausal  women  receiving  tamoxifen  but  also  increase  in  overall 

171  survival.  These  data  were  refined,  checked,  and  presented  again  at  the  National 

172  Cancer  Institute  Consensus  Conference  in  Bethesda,  Maryland,  in  1985,  where  the 

173  panel  concluded  that  adjuvant  tamoxifen  should  be  the  standard  of  care  for  all 

174  postmenopausal  women  with  ER-positive  primary  tumor  and  positive  nodes  [58]. 

175  As  an  aside,  this  was  the  year  that  ICI  Pharmaceutical  Division  (Zeneca)  was 

1 76  awarded  the  start  of  their  “use  patent”  for  tamoxifen  as  a  treatment  for  breast  cancer 

177  originally  submitted  and  denied  from  1965  onward  (25  years!)  (see  Chap.  2).  The 

178  patent  would  now  extend  into  the  twenty-first  century  creating  the  resources  to 

1 79  advance  chemoprevention  and  tamoxifen  in  the  United  States  and  the  major  clinical 
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Overview  of  Clinical  Trials 

Fig.  4.3  The 

antitumorigenic  action  of 
tamoxifen  in  postmenopausal 
women.  The  results  from  the 
overview  analysis  have 
proven  “the  longer  the 
better”  concept  for  treatment 
with  tamoxifen 


Years  of  Tamoxifen  Treatment 

trial  of  anastrozole,  their  aromatase  inhibitor.  Anastrozole  versus  tamoxifen  and  the 
combination  (AT AC),  then  the  single  largest  adjuvant  endocrine  clinical  trial  and 
became  pivotal  to  lead  progress  with  breast  cancer  therapy  [59]. 

The  overview  of  the  clinical  trials  with  tamoxifen  was  published  in  1998  and 
2005  [60,  61].  The  1998  and  2005  reports  had  three  major  therapeutic  conclusions: 

1.  Tamoxifen  was  only  effective  as  an  adjuvant  therapy  in  patients  with  an 
ER-positive  breast  tumor. 

2.  Longer  was  better  than  short  adjuvant  therapy  in  the  treatment  of  ER-positive 
breast  cancer.  The  power  of  this  principle  was  best  illustrated  in  premenopausal 
women  receiving  tamoxifen  monotherapy:  1  year  of  adjuvant  tamoxifen  was 
completely  ineffective  at  improving  either  recurrence  rates  or  mortality  but 
5  years  decreased  recurrence  by  50  %  and  mortality  by  30  %.  The  scientific 
principles  [8],  published  before  any  of  the  trials  had  started  to  recruit  patients, 
were  proven  to  have  veracity. 

3.  The  concern  that  the  increased  incidence  of  endometrial  cancer  during  long-term 
adjuvant  tamoxifen  therapy  might  significantly  reduce  the  value  of  tamoxifen  as  a 
cheap  and  effective  life-saving  medicine  was  calculated  to  be  incorrect  [60,  61]. 

We  will  now  summarize  the  2011  report  of  the  relevance  of  breast  cancer 
hormone  receptors  to  the  efficacy  of  adjuvant  tamoxifen  [57].  The  meta-analysis 
of  data  was  derived  from  20  randomized  clinical  trials  (n  =  21,457)  of  adjuvant 
tamoxifen  employing  a  5 -year  treatment  duration  (80  %  compliance).  Again  the 
continuing  evaluation  of  adjuvant  tamoxifen  demonstrates  the  veracity  of  science  in 
“the  real  world”: 

1.  The  ER  positive  disease  (n  =  10,645)  tamoxifen  reduced  recurrence  rates 
during  the  first  10  years  but  thereafter,  there  was  no  gain  or  loss  out  to  15  years. 
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205  2.  Marginal  ER-positive  disease  (10-19  femtomoles/mg  cytosol  protein — from 

206  assays  no  longer  used  or  quantitation  employed)  recurrence  rates  were  substan- 

207  tial  and  significant. 

208  3.  Progesterone  receptor  was  of  no  value  to  predict  responsiveness  to  tamoxifen. 

209  4.  Breast  cancer  mortality  was  reduced  by  a  third  for  the  first  15  years. 

210  5.  All-cause  mortality  was  substantially  reduced  despite  small  increases  in  throm- 

211  boembolic  and  uterine  cancer  deaths  (only  women  over  55  years  of  age)  in 

212  women  taking  tamoxifen. 

213  However,  with  the  shift  of  the  use  of  tamoxifen  to  aromatase  inhibitors  in 

214  postmenopausal  patients,  we  felt  it  is  appropriate  to  summarize  the  clinical  trial 

215  to  clarify  the  state  of  knowledge  with  the  use  of  aromatase  inhibitors  versus 

216  tamoxifen. 


217  Arrival  of  Aromatase  Inhibitors  as  Adjuvant  Therapy 

218  The  meta- analysis  of  the  data  from  different  trials  (the  Austrian  Breast  and  Colo- 

219  rectal  Cancer  Study  Group  (ABCSG)  XII  trial,  the  Breast  International  Group 

220  (BIG)  I-98/Intemational  Breast  Cancer  Study  Group  (IBCSG)  18-98  trial,  and  the 

221  AT  AC  trial)  submitted  to  the  Early  Breast  Cancer  Trialists’  Collaborative  Group 

222  (EBCTCG)  was  published  in  2010  and  described  the  comparison  of  the  third- 

223  generation  aromatase  inhibitors  (AI)  against  tamoxifen  in  breast  cancer  patients 

224  [62].  The  patients  were  divided  into  two  cohorts:  cohort  one  comprised  9,856 

225  patients  that  underwent  treatment  with  AI  immediately  after  surgery  for  5  years 

226  and  were  compared  to  patients  treated  with  tamoxifen;  cohort  two  comprised  9,015 

227  patients  to  assess  the  AI  treatment  with  AI  after  2-3  years  of  tamoxifen.  The  results 

228  of  this  analysis  have  shown  that  the  administration  of  AI  immediately  after  surgery 

229  for  5  years  in  the  first  cohort  of  patients  has  significantly  reduced  the  recurrence  of 

230  breast  cancer  by  23  %  comparing  to  5  years  of  tamoxifen.  In  the  other  cohort  of 

231  patients,  the  efficacy  of  the  switch  to  AI  after  2-3  years  of  tamoxifen  treatment  was 

232  analyzed  and  it  was  shown  that  there  was  a  40  %  reduction  in  risk  of  recurrence 

233  during  the  3  following  years  after  tamoxifen  treatment.  The  authors  of  that  study 

234  suggest  that  tamoxifen  treatment  after  3  years  has  sensitized  the  cancer  cells  to  AI 

235  treatment;  however,  there  is  no  experimental  data  supporting  that.  Also  patients  in 

236  both  cohorts  had  follow-ups  (5.8  years  in  cohort  one  and  3.9  years  in  cohort  two)  to 

237  assess  the  recurrence  of  the  disease.  The  reduction  of  recurrence  of  breast  cancer  in 

238  both  cohorts  at  5  years  after  diagnosis  was  approximately  3  %  and  highly  significant 

239  (2.9  %,  SE  =  0.7  %  in  cohort  1;  and  3.1  %,  SE  =  0.6  %  in  cohort  2).  The  mortality 

240  rates  in  both  cohorts  were  analogous  at  5  years  after  diagnosis;  however,  there  was 

241  a  further  decrease  of  mortality  from  breast  cancers  in  the  second  cohort  (AI  after 

242  2-3  years  of  tamoxifen).  The  authors  concluded  that  AIs  achieve  “modest” 

243  improvements  in  breast  cancer  end  points  with  significant  reductions  in  recurrence 

244  in  both  cohorts  of  patients  and  specifically  reduced  mortality  from  breast  cancer  in 
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Fig.  4.4  The  therapeutic  action  of  tamoxifen  after  the  treatment  termination.  The  decrease  of 
recurrence  and  mortality  from  breast  cancer  continues  even  15  years  after  the  treatment  with 
tamoxifen  stopped 

the  second  cohort.  However,  it  should  be  noted  that  AIs  also  have  different  side 
effects  versus  tamoxifen.  AIs  are  associated  with  fewer  endometrial  cancers  and 
thromboembolic  events  than  tamoxifen  but  with  increased  incidents  of  arthralgia 
and  bone  fractures  [63,  64]. 


Increasing  Survivorship  Following  5  Years  of  Adjuvant 
Tamoxifen 

A  significant  mystery  is  why  mortality  continues  to  decrease  following  5  years  of 
adjuvant  tamoxifen,  i.e.,  after  tamoxifen  treatment  has  stopped  [57,  61]  (Fig.  4.4). 
Tamoxifen  is  a  complete  inhibitor  of  estrogen  action  at  the  tumor  ER,  so  no  drug 
would  imply  estrogen  would  bind  to  the  unoccupied  ER  to  cause  tumor  regrowth 
and  increase  mortality.  But  it  does  not! 

However,  a  possible  explanation  occurred  more  by  accident  than  design,  through 
a  study  of  acquired  drug  resistance  to  tamoxifen  (Chap.  9).  With  the  acceptance  that 
long-term  adjuvant  tamoxifen  was  the  appropriate  strategy  for  the  treatment  of 
node-positive/node-negative  breast  cancer,  in  the  late  1980s,  it  was  imperative  to 
develop  a  realistic  model  of  acquired  drug  resistance  to  tamoxifen  in  the  laboratory 
to  determine  mechanisms  and  diverse  strategies  for  second-line  therapy.  The  first 
transplantable  model  of  acquired  resistance  was  propagated  in  athymic  mice.  The 
ER-positive  MCF-7  breast  cancer  cell  line  was  used  to  develop  the  model  [20]. 
Acquired  resistance  to  tamoxifen  developed  within  2  years  and  once  acquired  either 
tamoxifen  or  physiologic  estradiol  utilizing  the  tumor  ER  to  cause  growth  [65]. 
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266  However,  the  tumors  could  only  be  propagated  in  mice,  and  no  successful  transfer 

267  from  tumor  to  tissue  culture  occurred.  The  model  did  not  seem  to  replicate  adjuvant 

268  therapy  but  rather  metastatic  breast  cancer  that  fails  tamoxifen  treatments  within 

269  2  years.  This  seemed  to  be  bad  news  but  this  became  the  good  news  as  the  unique 

270  tumor  model  could  only  be  retained  for  study  by  routine  propagation  to  tamoxifen- 

271  treated  mice  over  years. 

272  The  finding  that,  following  5  years  of  retransplantation  of  tumors  with  acquired 

273  tamoxifen  resistance  into  successive  generations  of  tamoxifen-treated  athymic 

274  mice,  physiologic  estrogen  causes  tumors  to  melt  away  was  both  mystifying  and 

275  exciting.  We  will  expand  on  this  exciting  new  biology  of  estrogen-induced  apopto- 

276  sis  in  Chap.  9,  but  suffice  to  say  it  raised  the  possibility  that  acquired  drug  resistance 

277  to  tamoxifen  evolves  and  that  the  act  of  stopping  tamoxifen  after  5  years  of 

278  adjuvant  therapy  causes  the  woman’s  own  estrogen  to  seek  out  the  appropriately 

279  reconfigured  and  sensitized  breast  cancer  cells  and  triggers  apoptosis.  These  data 

280  were  first  reported  at  the  St.  Gallen  Breast  Cancer  Meeting  with  the  hypothesis  that 

281  the  women’s  own  estrogen  caused  the  decrease  in  the  patient  mortality  by  killing 

282  appropriately  sensitive  microscopic  foci  of  breast  cancer  cells  [66]. 

283  In  closing  this  chapter,  it  is  important  to  stress  that  the  hypothesis  was  not  well 

284  received  by  the  clinical  community  or  the  idea  that  physiologic  estrogen  adminis- 

285  tration  might  be  of  therapeutic  significance.  Despite  the  fact  that  no  peer-reviewed 

286  funding  was  forthcoming,  our  research  was  sustained  through  philanthropy  by  the 

287  Lynn  Sage  Breast  Cancer  Foundation  and  the  Robert  H.  Lurie  Comprehensive 

288  Cancer  Center  at  Northwestern  University  in  Chicago,  IL.  Almost  by  chance, 

289  talented  surgeons  (Drs.  Yao,  Lee,  England,  and  Bentrem)  were  looking  for  a  project 

290  to  exploit  and  this  was  it.  They  reproduced  the  Wolf  data  [66]  over  a  5 -year  period 

291  and  it  became  clear  that  by  year  5  of  tamoxifen  treatment,  physiologic  estrogen 

292  administration  killed  breast  cancer  cells  with  acquired  resistance  to  tamoxifen. 

293  Estradiol  killed  the  resistant  cells  but  the  remaining  cells  were  again  sensitive  to 

294  antihormone  therapy  [67].  The  process  was  cyclical  (Fig.  4.5)  and  would  eventually 

295  be  tested  in  clinical  trial  and  the  molecular  biology  of  estradiol-induced  apoptosis 

296  clarified  (Chap.  9).  The  concept  was  extended  to  the  SERM  raloxifene  in  an 

297  exceptionally  long  10-year  transplantation  study  of  an  MCF-7  study  of  acquired 

298  raloxifene  resistance  in  athymic  mice  [68].  The  original  Wolf  study  and  Balaburski 

299  study  some  20  years  apart  are  illustrated  in  Fig.  4.5. 

300  Postscript.  Perhaps  the  most  important  continuing  support  that  ICI  Pharmaceuti- 

301  cal  Division  made  to  the  development  of  tamoxifen  (Nolvadex)  was  the  hundreds  of 

302  rats  they  chauffeured  from  Alderley  Park  nearby  to  Leeds  University  Medical 

303  School.  Over  the  years  (1974-1978),  this  strategy,  instituted  and  paid  for  by 

304  Dr.  Roy  Cotton  in  the  clinical  department,  was  visionary.  He  was  investing  in  a 

305  young  enthusiastic  pharmacologist  who  wanted  to  develop  drugs  to  treat  cancer.  To 

306  a  young  faculty  member  in  the  Department  of  Pharmacology  at  Leeds  University, 

307  armed  with  additional  grants  from  the  Yorkshire  Cancer  Research  Campaign  to 

308  purchase  expensive  ultracentrifuges  (they  were  happy  to  invest  in  a  BTA,  Been 

309  to  America),  and  ultimately  an  ICI/University  of  Leeds  Joint  Research  Scheme 
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Fig.  4.5  The  cyclical  sensitivity  and  resistance  of  breast  cancer  cells  to  tamoxifen  and  estradiol. 
Estradiol  is  able  to  induce  apoptosis  in  resistant  cells;  however,  the  remaining  cells  were  again 
sensitive  to  tamoxifen  treatment 

co-headed  by  Walpole  for  ICI  and  I  for  Leeds  to  create  6,7-substituted  alkylating  310 
estrogens,  the  unlimited  animals  were  more  valuable  than  gold.  What  did  the  311 
investment  yield?  We  did  extensive  studies  on  the  mechanism  of  action  of  tamoxi-  312 
fen  [69-75];  we  were  the  first  to  discover  the  pharmacological  properties  of  313 
4-hydroxytamoxifen  [15, 17,  76-81],  discovered  the  metabolic  activation  of  tamox-  314 
ifen,  and  most  importantly  created  the  strategy  with  animal  models,  to  employ  long-  315 
term  adjuvant  tamoxifen  treatment  for  patients  with  ER-positive  breast  cancer  316 
[82-86].  317 

We  had  two  strategic  goals  with  the  studies  of  Karen  Allen,  an  extremely  318 
talented  technician  who  had  trained  in  my  group  when  she  was  an  undergraduate  319 
in  the  Department  of  Pharmacology,  and  Clive  Dix,  an  exceptional  PhD  student  320 
funded  with  an  ICI  Graduate  Student  Fellowship.  Our  first  goal  was  to  establish  321 
whether  short-term  high-dose  tamoxifen  administered  to  rats  30  days  after  the  322 
DMBA  to  induce  mammary  cancer  for  a  short  period  of  time  (4  weeks  which  we  323 
considered  to  be  equivalent  to  1  year  in  a  woman’s  life)  would  “cure  the  animals.”  324 
It  did  not,  but  we  realized  that  suppression  of  tumor  development  by  tamoxifen  was  325 
dose  related,  i.e.,  once  the  accumulated  and  slowly  excreted  tamoxifen  was  gone  326 
from  the  body,  the  tumors  appeared.  Clive  demonstrated  that  continuous  tamoxifen  327 
treatment  was  necessary  to  prevent  tumorigenesis,  almost  completely,  and  was  328 
superior  to  oophorectomy  [15].  Thus,  long-term  adjuvant  therapy  was  going  to  be  329 
better  to  control  the  recurrence  of  ER-positive  disease  effectively  after  primary  330 
surgery.  331 
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332  Our  second  goal  was  to  determine  whether  4-hydroxytamoxifen,  a  more  potent 

333  antiestrogen  than  tamoxifen,  was  a  more  potent  antitumor  agent  in  the  rat.  It  was 

334  not,  although  continuous  therapy  was  effective  at  controlling  tumor  development 

335  [17].  We  concluded  that  rapidly  excreted  hydroxy lated  antiestrogens  were  poor 

336  antitumor  agents,  a  principle  that  was  to  recur  with  polyhydroxy  lated  raloxifene 

337  [16]  when  used  for  the  prevention  of  breast  cancer  [87]  and  proven  over  the  next 

338  30  years! 

339  The  opportunity  to  present  our  new  concept  for  the  adjuvant  use  of  tamoxifen 

340  occurred  in  September  1977  at  an  ICI  Pharmaceutical  Division  Breast  Cancer 

341  Symposium  at  King’s  College,  Cambridge,  England.  Michael  Baum  was  the  chair 

342  of  my  session  and  it  was  clear  that  plans  were  in  place  to  increase  the  duration  of 

343  adjuvant  tamoxifen  therapy  from  the  standard  1  year  to  2  years  with  the  NATO  trial 

344  (the  acronym  was  based  on  the  belief  the  Americans  would  read  their  subsequent 

345  papers  and  refer  to  them  in  their  publications  if  they  believed  it  was  an  American 

346  sponsored  trial.  The  acronym  actually  stands  for  “Nolvadex  Adjuvant  Trial  Orga- 

347  nization”)  and  the  proposed  5  years  for  the  Scottish  trial.  Each  of  the  trialists 

348  considered  their  choice  of  trial  design  was  arbitrary,  but  we  already  had  the 

349  scientific  basis  in  plan  that  would  prove  to  be  successful  in  their  clinical  trials. 

350  The  week  following  the  King’s  College  meeting  I  began  a  3 -month  sabbatical  at 

351  the  University  of  Wisconsin  Clinical  Cancer  Center,  Madison,  Wisconsin.  There  I 

352  proposed  the  “tamoxifen  forever”  clinical  strategy  as  a  forward  thinking  goal  to 

353  accelerate  tamoxifen’s  development  and  prevent  disease  recurrence.  I  should 

354  restate  that  tamoxifen  at  that  time  was  not  FDA  approved  in  the  United  States 

355  even  for  the  treatment  of  metastatic  breast  cancer.  This  would  occur  on  29  Decem- 

356  ber  1977.  Presentation  of  the  strategy  with  compelling  laboratory  data  to  create 

357  potential  survival  advantages  for  patients  with  ER-positive  breast  cancer  caught  on 

358  with  both  the  Eastern  Cooperative  Oncologic  Group  (ECOG)  and  the  National 

359  Adjuvant  Breast  and  Bowel  Project  (NSABP)  as  they  advanced  their  adjuvant 

360  therapy  trials  from  2  to  5  years.  This  was  a  critical  decision  that  saved  hundreds 

361  of  thousands  of  women’s  lives  worldwide. 

362  The  good  news  for  my  career  was  that  this  3 -month  sabbatical  time  in  the 

363  Wisconsin  Clinical  Cancer  Center  in  Madison  resulted  in  a  job  offer  because  by 

364  this  time  I  had  lots  of  publications  and  Eliahu  Caspi’s  lesson  had  been  learned!  (See 

365  Chap.  2.)  After  a  year  setting  up  the  Ludwig  Institute  in  Bern,  Switzerland 

366  (1979-1980),  and  forging  friendships  that  would  last  a  career,  I  moved  to 

367  Wisconsin  to  learn  and  recreate  my  Tamoxifen  Team  in  America  (Chap.  5). 


368  References 

369  1.  Fisher  B,  Carbone  P,  Economou  SG  et  al  (1975)  1 -Phenylalanine  mustard  (L-PAM)  in  the 

370  management  of  primary  breast  cancer.  A  report  of  early  findings.  N  Engl  J  Med  292: 117-122 

371  2.  Bonadonna  G,  Brusamolino  E,  Valagussa  P  et  al  (1976)  Combination  chemotherapy  as  an 

372  adjuvant  treatment  in  operable  breast  cancer.  N  Engl  J  Med  294:405^-10 


Author's  Proof 

References  8 1 

3.  Jordan  VC,  Fritz  NF,  Tormey  DC  (1987)  Endocrine  effects  of  adjuvant  chemotherapy  and 
long-term  tamoxifen  administration  on  node-positive  patients  with  breast  cancer.  Cancer  Res 
47:624-630 

4.  Rose  DP,  Davis  TE  (1980)  Effects  of  adjuvant  chemohormonal  therapy  on  the  ovarian  and 
adrenal  function  of  breast  cancer  patients.  Cancer  Res  40:4043-4047 

5.  Jordan  VC  (1998)  Chemotherapy  is  antihormonal  therapy-how  much  proof  do  oncologists 
need?  Eur  J  Cancer  34:606-608 

6.  Cole  MP,  Jones  CT,  Todd  ID  (1971)  A  new  anti-oestrogenic  agent  in  late  breast  cancer.  An 
early  clinical  appraisal  of  ICI46474.  Br  J  Cancer  25:270-275 

7.  Ward  HW  (1973)  Anti-oestrogen  therapy  for  breast  cancer:  a  trial  of  tamoxifen  at  two  dose 
levels.  Br  Med  J  1:13-14 

8.  Jordan  VC  (2008)  Tamoxifen:  catalyst  for  the  change  to  targeted  therapy.  Eur  J  Cancer 
44:30-38 

9.  Lippman  ME,  Bolan  G  (1975)  Oestrogen-responsive  human  breast  cancer  in  long  term  tissue 
culture.  Nature  256:592-593 

10.  Early  Breast  Cancer  Trialists’  Collaborative  Group  (1992)  Systemic  treatment  of  early  breast 
cancer  by  hormonal,  cytotoxic,  or  immune  therapy.  133  randomised  trials  involving  31,000 
recurrences  and  24,000  deaths  among  75,000  women.  Lancet  339:1-15 

11.  Swedish  Breast  Cancer  Cooperative  Group  (1996)  Randomized  trial  of  two  versus  five  years  of 
adjuvant  tamoxifen  for  postmenopausal  early  stage  breast  cancer.  J  Natl  Cancer  Inst 
88:1543-1549 

12.  Jordan  VC  (1978)  Use  of  the  DMBA-induced  rat  mammary  carcinoma  system  for  the  evalua¬ 
tion  of  tamoxifen  as  a  potential  adjuvant  therapy.  Rev  Endocr  Relat  Cancer:49-55 

13.  Jordan  VC,  Dix  CJ,  Allen  KE  (1979)  The  effectiveness  of  long-term  treatment  in  a  laboratory 
model  for  adjuvant  hormone  therapy  of  breast  cancer.  In:  Salmon  SE,  Jones  SE  (eds) 

14.  Robinson  SP,  Mauel  DA,  Jordan  VC  (1989)  Antitumor  actions  of  toremifene  in  the  7,12- 
dimethylbenzanthracene  (DMBA)-induced  rat  mammary  tumor  model.  Eur  J  Cancer  Clin 
Oncol  24:1817-1821 

15.  Jordan  VC,  Allen  KE,  Dix  CJ  (1980)  Pharmacology  of  tamoxifen  in  laboratory  animals. 
Cancer  Treat  Rep  64:745-759 

16.  Gottardis  MM,  Jordan  VC  (1987)  Antitumor  actions  of  keoxifene  and  tamoxifen  in  the 
N-nitrosomethylurea-induced  rat  mammary  carcinoma  model.  Cancer  Res  47:4020^1-024 

17.  Jordan  VC,  Allen  KE  (1980)  Evaluation  of  the  antitumour  activity  of  the  non-steroidal 
antioestrogen  monohydroxytamoxifen  in  the  DMBA-induced  rat  mammary  carcinoma 
model.  Eur  J  Cancer  16:239-251 

18.  Osborne  CK,  Hobbs  K,  Clark  GM  (1985)  Effect  of  estrogens  and  antiestrogens  on  growth  of 
human  breast  cancer  cells  in  athymic  nude  mice.  Cancer  Res  45:584-590 

19.  Osborne  CK,  Coronado  EB,  Robinson  JP  (1987)  Human  breast  cancer  in  the  athymic  nude 
mouse:  cytostatic  effects  of  long-term  antiestrogen  therapy.  Eur  J  Cancer  Clin  Oncol 
23:1189-1196 

20.  Gottardis  MM,  Robinson  SP,  Jordan  VC  (1988)  Estradiol- stimulated  growth  of  MCF-7  tumors 
implanted  in  athymic  mice:  a  model  to  study  the  tumoristatic  action  of  tamoxifen.  J  Steroid 
Biochem  30:311-314 

21.  Ribeiro  G,  Palmer  MK  (1983)  Adjuvant  tamoxifen  for  operable  carcinoma  of  the  breast:  report 
of  clinical  trial  by  the  Christie  Hospital  and  Holt  Radium  Institute.  Br  Med  J  (Clin  Res  Ed) 
286:827-830 

22.  Rose  C,  Thorpe  SM,  Andersen  KW  et  al  (1985)  Beneficial  effect  of  adjuvant  tamoxifen 
therapy  in  primary  breast  cancer  patients  with  high  oestrogen  receptor  values.  Lancet  1: 16-19 

23.  Ribeiro  G,  Swindell  R  (1985)  The  Christie  Hospital  tamoxifen  (Nolvadex)  adjuvant  trial  for 
operable  breast  carcinoma-7-yr  results.  Eur  J  Cancer  Clin  Oncol  21:897-900 

24.  Cummings  FJ,  Gray  R,  Davis  TE  et  al  (1985)  Adjuvant  tamoxifen  treatment  of  elderly  women 
with  stage  II  breast  cancer.  A  double-blind  comparison  with  placebo.  Ann  Intern  Med 
103:324-329 


373 

374 

375 

376 

377 

378 

379 

380 

381 

382 

383 

384 

385 

386 

387 

388 

389 

390 

391 

392 

393 

394 

395 

396 

397 

398 

399 

400 

401 

402 

403 

404 

405 

406 

407 

408 

409 

410 

411 

412 

413 

414 

415 

416 

417 

418 

419 

420 

421 

422 

423 

424 

425 


Author's  Proof 


82  4  Adjuvant  Therapy:  The  Breakthrough 

426  25.  Baum  MaomotNATO  (1985)  Controlled  trial  of  tamoxifen  as  single  adjuvant  agent  in  man- 

427  agement  of  early  breast  cancer.  Lancet  1:836-840 

428  26.  Pritchard  KI,  Meakin  JW,  Boyd  NF,  Ambus  K,  DeBoer  G,  Paterson  AHG,  Sutherland  DJA, 

429  Wilkinson  RH,  Bassett  AA,  Evans  WK,  Beale  FA,  Clark  RM,  Keane  TJ  (1984)  A  randomized 

430  trial  of  adjuvant  tamoxifen  in  postmenopausal  women  with  axillary  node  positive  breast 

431  cancer.  In:  Jones  SE,  Salmon  SE  (eds)  Adjuvant  therapy  of  breast  cancer.  Grune  and  Stratton, 

432  New  York,  pp  339-348 

433  27.  Wallgren  A,  Baral  E,  Castensen  J,  Friberg  S,  Glas  U,  Hjalmar  JL,  Kargas  M,  Nordenskjold  B, 

434  Skoog  L,  There  N-O,  Wilking  N  (1984)  Should  adjuvant  tamoxifen  be  given  for  several  years 

435  in  breast  cancer.  In:  Jones  SE,  Salmon  SE  (eds)  Adjuvant  therapy  of  breast  cancer.  Grune  and 

436  Stratton,  New  York,  pp  331-338 

437  28.  Tormey  DC,  Jordan  VC  (1984)  Long-term  tamoxifen  adjuvant  therapy  in  node-positive  breast 

438  cancer:  a  metabolic  and  pilot  clinical  study.  Breast  Cancer  Res  Treat  4:297-302 

439  29.  Tormey  DC,  Rasmussen  P,  Jordan  VC  (1987)  Long-term  adjuvant  tamoxifen  study:  clinical 

440  update.  Breast  Cancer  Res  Treat  9:157-158 

441  30.  Langan-Fahey  SM,  Tormey  DC,  Jordan  VC  (1990)  Tamoxifen  metabolites  in  patients  on  long- 

442  term  adjuvant  therapy  for  breast  cancer.  Eur  J  Cancer  26:883-888 

443  31.  Jordan  VC  (1983)  Laboratory  studies  to  develop  general  principles  for  the  adjuvant  treatment 

444  of  breast  cancer  with  antiestrogens:  problems  and  potential  for  future  clinical  applications. 

445  Breast  Cancer  Res  Treat  3(Suppl):S73-S86 

446  32.  Falkson  HC,  Gray  R,  Wolberg  WH  et  al  (1990)  Adjuvant  trial  of  12  cycles  of  CMFPT  followed 

447  by  observation  or  continuous  tamoxifen  versus  four  cycles  of  CMFPT  in  postmenopausal 

448  women  with  breast  cancer:  an  Eastern  Cooperative  Oncology  Group  phase  III  study.  J  Clin 

449  Oncol  8:599-607 

450  33.  Fisher  B,  Brown  A,  Wolmark  N  et  al  (1987)  Prolonging  tamoxifen  therapy  for  primary  breast 

451  cancer.  Findings  from  the  National  Surgical  Adjuvant  Breast  and  Bowel  Project  clinical  trial. 

452  Ann  Intern  Med  106:649-654 

453  34.  Fisher  B,  Redmond  C,  Brown  A  et  al  (1981)  Treatment  of  primary  breast  cancer  with 

454  chemotherapy  and  tamoxifen.  N  Engl  J  Med  305:1-6 

455  35.  Fisher  B,  Redmond  C,  Brown  A  et  al  (1983)  Influence  of  tumor  estrogen  and  progesterone 

456  receptor  levels  on  the  response  to  tamoxifen  and  chemotherapy  in  primary  breast  cancer.  J  Clin 

457  Oncol  1:227-241 

458  36.  Fisher  B,  Redmond  C,  Brown  A  et  al  (1986)  Adjuvant  chemotherapy  with  and  without 

459  tamoxifen  in  the  treatment  of  primary  breast  cancer:  5-year  results  from  the  National  Surgical 

460  Adjuvant  Breast  and  Bowel  Project  Trial.  J  Clin  Oncol  4:459-471 

461  37.  Baum  M,  Brinkley  DM,  Dossett  JA  et  al  (1983)  Controlled  trial  of  tamoxifen  as  adjuvant  agent 

462  in  management  of  Early  Breast  Cancer.  Interim  analysis  at  four  years  by  the  Nolvadex 

463  Adjuvant  Trial  Orginisation.  Lancet  321:257-261 

464  38.  Delozier  T,  Julien  JP,  Juret  P  et  al  (1986)  Adjuvant  tamoxifen  in  postmenopausal  breast 

465  cancer:  preliminary  results  of  a  randomized  trial.  Breast  Cancer  Res  Treat  7:105-109 

466  39.  Scottish  Cancer  Trials  Office  (MRC)  E  (1987)  Adjuvant  tamoxifen  in  the  management  of 

467  operable  breast  cancer:  the  Scottish  Trial.  Report  from  the  Breast  Cancer  Trials  Committee. 

468  Lancet  2:171-175 

469  40.  McDonald  CC,  Stewart  HJ  (1991)  Fatal  myocardial  infarction  in  the  Scottish  adjuvant 

470  tamoxifen  trial.  The  Scottish  Breast  Cancer  Committee.  BMJ  303:435-437 

471  41.  Rutqvist  LE,  Mattsson  A  (1993)  Cardiac  and  thromboembolic  morbidity  among  postmeno- 

472  pausal  women  with  early-stage  breast  cancer  in  a  randomized  trial  of  adjuvant  tamoxifen.  The 

473  Stockholm  Breast  Cancer  Study  Group.  J  Natl  Cancer  Inst  85:1398-1406 

474  42.  Hackshaw  A,  Roughton  M,  Forsyth  S  et  al  (2011)  Long-term  benefits  of  5  years  of  tamoxifen: 

475  10-year  follow-up  of  a  large  randomized  trial  in  women  at  least  50  years  of  age  with  early 

476  breast  cancer.  J  Clin  Oncol  29:1657-1663 

477  43.  el  Sheikha  Z,  Klopper  A,  Beck  JS  (1972)  Treatment  of  menometrorrhagia  with  an  anti- 

478  oestrogen.  Clin  Endocrinol  (Oxf)  1 :275-282 


Author's  Proof 

References  83 

44.  Klopper  A,  Hall  M  (1971)  New  synthetic  agent  for  the  induction  of  ovulation:  preliminary 
trials  in  women.  Br  Med  J  1:152-154 

45.  Williamson  JG,  Ellis  JD  (1973)  The  induction  of  ovulation  by  tamoxifen.  J  Obstet  Gynaecol  Br 
Commonw  80:844-847 

46.  Groom  GV,  Griffiths  K  (1976)  Effect  of  the  anti-oestrogen  tamoxifen  on  plasma  levels  of 
luteinizing  hormone,  follicle- stimulating  hormone,  prolactin,  oestradiol  and  progesterone  in 
normal  pre-menopausal  women.  J  Endocrinol  70:421-428 

47.  Manni  A,  Trujillo  JE,  Marshall  JS  et  al  (1979)  Antihormone  treatment  of  stage  IV  breast 
cancer.  Cancer  43:444-450 

48.  Pritchard  KI,  Thomson  DB,  Myers  RE  et  al  (1980)  Tamoxifen  therapy  in  premenopausal 
patients  with  metastatic  breast  cancer.  Cancer  Treat  Rep  64:787-796 

49.  Kalman  AM,  Thompson  T,  Vogel  CL  (1982)  Response  to  oophorectomy  after  tamoxifen 
failure  in  a  premenopausal  patient.  Cancer  Treat  Rep  66:1867-1868 

50.  Planting  AS,  Alexieva-Figusch  J,  Blonk-vdWijst  J,  van  Putten  WL  (1985)  Tamoxifen  therapy 
in  premenopausal  women  with  metastatic  breast  cancer.  Cancer  Treat  Rep  69:363-368 

51.  Sawka  CA,  Pritchard  KI,  Paterson  AH  et  al  (1986)  Role  and  mechanism  of  action  of  tamoxifen 
in  premenopausal  women  with  metastatic  breast  carcinoma.  Cancer  Res  46:3152-3156 

52.  Ingle  JN,  Krook  JE,  Green  SJ  et  al  (1986)  Randomized  trial  of  bilateral  oophorectomy  versus 
tamoxifen  in  premenopausal  women  with  metastatic  breast  cancer.  J  Clin  Oncol  4:178-185 

53.  Buchanan  RB,  Blarney  RW,  Durrant  KR  et  al  (1986)  A  randomized  comparison  of  tamoxifen 
with  surgical  oophorectomy  in  premenopausal  patients  with  advanced  breast  cancer.  J  Clin 
Oncol  4:1326-1330 

54.  Party  CABTW  (1988)  Cyclophosphamide  and  tamoxifen  as  adjuvant  therapies  in  the  manage¬ 
ment  of  breast  cancer.  Br  J  Cancer  57:604-607 

55.  Fisher  B,  Costantino  J,  Redmond  C  et  al  (1989)  A  randomized  clinical  trial  evaluating 
tamoxifen  in  the  treatment  of  patients  with  node-negative  breast  cancer  who  have  estrogen- 
receptor-positive  tumors.  N  Engl  J  Med  320:479-484 

56.  Davies  C,  Hongchao  P,  Godwin  J  et  al  (2012)  Long-term  effects  of  continuing  adjuvant 
tamoxifen  to  10  years  versus  stopping  at  5  years  after  diagnosis  of  oestrogen  receptor-positive 
breast  cancer:  ATLAS,  a  randomized  trial.  Lancet 

57.  Davies  C,  Godwin  J,  Gray  R  et  al  (2011)  Relevance  of  breast  cancer  hormone  receptors  and 
other  factors  to  the  efficacy  of  adjuvant  tamoxifen:  patient-level  meta-analysis  of  randomised 
trials.  Lancet  378:771-784 

58.  Consensus  Conference  (1985)  Adjuvant  chemotherapy  for  breast  cancer.  JAMA 
254:3461-3463 

59.  Howell  A,  Cuzick  J,  Baum  M  et  al  (2005)  Results  of  the  AT  AC  (arimidex,  tamoxifen,  alone  or 
in  combination)  trial  after  completion  of  5  years’  adjuvant  treatment  for  breast  cancer.  Lancet 
365:60-62 

60.  EBCTCG  (1998)  Tamoxifen  for  early  breast  cancer:  an  overview  of  the  randomised  trials. 
Lancet  351:1451-1467 

61.  EBCTCG  (2005)  Effects  of  chemotherapy  and  hormonal  therapy  for  early  breast  cancer  on 
recurrence  and  15-year  survival:  an  overview  of  the  randomised  trials.  Lancet  365:1687-1717 

62.  Dowsett  M,  Cuzick  J,  Ingle  J  et  al  (2010)  Meta-analysis  of  breast  cancer  outcomes  in  adjuvant 
trials  of  aromatase  inhibitors  versus  tamoxifen.  J  Clin  Oncol  28:509-518 

63.  Lin  NU,  Winer  EP  (2008)  Advances  in  adjuvant  endocrine  therapy  for  postmenopausal 
women.  J  Clin  Oncol  26:798-805 

64.  Lonning  PE,  Geisler  J  (2008)  Indications  and  limitations  of  third-generation  aromatase 
inhibitors.  Expert  Opin  Investig  Drugs  17:723-739 

65.  Gottardis  MM,  Jordan  VC  (1988)  Development  of  tamoxifen- stimulated  growth  of  MCF-7 
tumors  in  athymic  mice  after  long-term  antiestrogen  administration.  Cancer  Res 
48:5183-5187 

66.  Wolf  DM,  Jordan  VC  (1993)  A  laboratory  model  to  explain  the  survival  advantage  observed  in 
patients  taking  adjuvant  tamoxifen  therapy.  Recent  Results  Cancer  Res  127:23-33 


479 

480 

481 

482 

483 

484 

485 

486 

487 

488 

489 

490 

491 

492 

493 

494 

495 

496 

497 

498 

499 

500 

501 

502 

503 

504 

505 

506 

507 

508 

509 

510 

511 

512 

513 

514 

515 

516 

517 

518 

519 

520 

521 

522 

523 

524 

525 

526 

527 

528 

529 

530 

531 


Author's  Proof 


84 


4  Adjuvant  Therapy:  The  Breakthrough 


532  67.  Yao  K,  Lee  ES,  Bentrem  DJ  et  al  (2000)  Antitumor  action  of  physiological  estradiol  on 

533  tamoxifen- stimulated  breast  tumors  grown  in  athymic  mice.  Clin  Cancer  Res  6:2028-2036 

534  68.  Balaburski  GM,  Dardes  RC,  Johnson  M  et  al  (2010)  Raloxifene-stimulated  experimental 

535  breast  cancer  with  the  paradoxical  actions  of  estrogen  to  promote  or  prevent  tumor  growth: 

536  a  unifying  concept  in  anti-hormone  resistance.  Int  J  Oncol  37:387-398 

537  69.  Abbott  AC,  Clark  ER,  Jordan  VC  (1976)  Inhibition  of  oestradiol  binding  to  oestrogen  receptor 

538  proteins  by  a  methyl-substituted  analogue  of  tamoxifen.  J  Endocrinol  69:445-446 

539  70.  Jordan  VC  (1976)  Antiestrogenic  and  antitumor  properties  of  tamoxifen  in  laboratory  animals. 

540  Cancer  Treat  Rep  60:1409-1419 

541  71.  Jordan  VC,  Prestwich  G  (1977)  Binding  of  [3H]tamoxifen  in  rat  uterine  cytosols:  a  comparison 

542  of  swinging  bucket  and  vertical  tube  rotor  sucrose  density  gradient  analysis.  Mol  Cell 

543  Endocrinol  8:179-188 

544  72.  Jordan  VC,  Dix  CJ,  Rowsby  L,  Prestwich  G  (1977)  Studies  on  the  mechanism  of  action  of  the 

545  nonsteroidal  antioestrogen  tamoxifen  (I.C.I.  46,474)  in  the  rat.  Mol  Cell  Endocrinol  7: 177-192 

546  73.  Jordan  VC,  Naylor  KE  (1979)  The  binding  of  [3H] -oestradiol- 17  beta  in  the  immature  rat 

547  uterus  during  the  sequential  administration  of  non-steroidal  anti-oestrogens.  Br  J  Pharmacol 

548  65:167-173 

549  74.  Jordan  VC,  Prestwich  G  (1978)  Effect  of  non-steroidal  anti-oestrogens  on  the  concentration  of 

550  rat  uterine  progesterone  receptors.  J  Endocrinol  76:363-364 

551  75.  Jordan  VC,  Rowsby  L,  Dix  CJ,  Prestwich  G  (1978)  Dose-related  effects  of  non-steroidal 

552  antioestrogens  and  oestrogens  on  the  measurement  of  cytoplasmic  oestrogen  receptors  in  the 

553  rat  and  mouse  uterus.  J  Endocrinol  78:71-81 

554  76.  Jordan  VC,  Collins  MM,  Rowsby  L,  Prestwich  G  (1977)  A  monohydroxylated  metabolite  of 

555  tamoxifen  with  potent  antioestrogenic  activity.  J  Endocrinol  75:305-316 

556  77.  Jordan  VC,  Dix  CJ,  Naylor  KE  et  al  (1978)  Nonsteroidal  antiestrogens:  their  biological  effects 

557  and  potential  mechanisms  of  action.  J  Toxicol  Environ  Health  4:363-390 

558  78.  Jordan  VC,  Dix  CJ  (1979)  Effect  of  oestradiol  benzoate,  tamoxifen  and  monohydroxy- 

559  tamoxifen  on  immature  rat  uterine  progesterone  receptor  synthesis  and  endometrial  cell 

560  division.  J  Steroid  Biochem  11:285-291 

561  79.  Dix  CJ,  Jordan  VC  (1980)  Subcellular  effects  of  monohydroxytamoxifen  in  the  rat  uterus: 

562  steroid  receptors  and  mitosis.  J  Endocrinol  85:393-404 

563  80.  Allen  KE,  Clark  ER,  Jordan  VC  (1980)  Evidence  for  the  metabolic  activation  of  non-steroidal 

564  antioestrogens:  a  study  of  structure-activity  relationships.  Br  J  Pharmacol  71:83-91 

565  8 1 .  Dix  CJ,  Jordan  VC  (1980)  Modulation  of  rat  uterine  steroid  hormone  receptors  by  estrogen  and 

566  antiestrogen.  Endocrinology  107:2011-2020 

567  82.  Jordan  VC,  Dowse  LJ  (1976)  Tamoxifen  as  an  anti-tumour  agent:  effect  on  oestrogen  binding. 

568  J  Endocrinol  68:297-303 

569  83.  Jordan  VC,  Jaspan  T  (1976)  Tamoxifen  as  an  anti-tumour  agent:  oestrogen  binding  as  a 

570  predictive  test  for  tumour  response.  J  Endocrinol  68:453-460 

571  84.  Jordan  VC,  Jaspan  T  (1976)  Oestrogen  binding  as  a  predictive  test  for  DMBA-induced  tumour 

572  response  to  tamoxifen  therapy.  In:  Heilman  K,  Conors  TA  (eds)  Chemotherapy.  Plenum, 

573  New  York,  pp  89-94 

574  85.  Jordan  VC  (1978)  Use  of  the  DMBA-induced  rat  mammary  carcinoma  system  for  the  evalua- 

575  tion  of  tamoxifen  as  a  potential  adjuvant  therapy.  Rev  Endocr  Relat  Cancer:49-55  (October 

576  supplement) 

577  86.  Jordan  VC,  Dix  CJ,  Allen  KE  (1979)  The  effectiveness  of  long  term  tamoxifen  treatment  in  a 

578  laboratory  model  for  adjuvant  hormone  therapy  of  breast  cancer.  In:  Salmon  SE,  Jones  SE 

579  (eds)  Adjuvant  therapy  of  cancer  II.  Grune  and  Strattin,  New  York,  pp  19-26 

580  87.  Vogel  VG,  Costantino  JP,  Wickerham  DL  et  al  (2010)  Update  of  the  National  Surgical 

581  Adjuvant  Breast  and  Bowel  Project  study  of  tamoxifen  and  raloxifene  (STAR)  P-2  trial: 

582  preventing  breast  cancer.  Cancer  Prev  Res  (Phila)  3:696-706 


Author's  Proof 


Author  Queries 

Chapter  No.:  4 


Query  Refs. 

Details  Required 

Author’s  response 

AU1 

Please  check  sentence  starting  “Dur¬ 
ing  the  1970s. . .”  for  completeness. 

AU2 

Please  check  sentence  starting  “The 
protocol  used. . .”  for  completeness. 

AU3 

Please  check  sentence  starting  “Ana- 
strozole  versus  tamoxifen. . .”  for 
completeness. 

AU4 

Please  check  sentence  starting  “The 
ER  positive  disease....”  for  sense. 

AU5 

Please  check  latter  part  of  sentence 
starting  “Acquired  resistance  to. . .” 
for  completeness. 

AU6 

Please  provide  volume  number  for 
Refs.  [12,  13,  56,  85]  if  possible. 

AU7 

Please  provide  book  title,  publisher 
name  and  publisher  location  for  Ref. 
[13]. 

AU8 

Please  check  if  inserted  publisher 
name  to  Ref.  [84]  is  okay. 

Author's  Proof 


Metadata  of  the  chapter  that  will  be  visualized  online 


Chapter  Title 

The  Wisconsin  Story  in  i 
Estrogen  Action 

the  1980s:  Discovery  of  Target  Site-Specific 

Copyright  Year 

2013 

Copyright  Holder 

Springer  Basel 

Corresponding  Author 

Family  Name 

Particle 

Maximov 

Given  Name 

Philipp  Y. 

Suffix 

Organization 

Georgetown  University  Medical  Center 

Address 

Washington  District  of  Columbia,  USA 

Author 

Family  Name 

Particle 

McDaniel 

Given  Name 

Russell  E. 

Suffix 

Organization 

Georgetown  University  Medical  Center 

Address 

Washington  District  of  Columbia,  USA 

Author 

Family  Name 

Particle 

Jordan 

Given  Name 

V.  Craig 

Suffix 

Division 

Fombardi  Comprehensive  Cancer  Center 

Organization 

Georgetown  University  Medical  Center 

Address 

Washington,  DC,  USA 

Abstract 

The  idea  that  tamoxifen  could  potentially  be  employed  to  prevent  breast  cancer 
in  populations  of  women  with  high  risk  naturally  mandated  an  extensive 
laboratory  and  clinical  investigation  of  potential  toxicological  concerns. 
It  was  reasoned  that  if  estrogen  was  necessary  to  maintain  bone  density 
and  protect  women  from  coronary  heart  disease,  then  an  “antiestrogen” 
might  prevent  breast  cancer  but  increase  the  risks  of  osteoporosis  and 
coronary  heart  disease.  Faboratory  results  and  translation  to  clinical  trial 
proved  the  reverse  was  true,  and  the  new  drug  group,  selective  estrogen 
receptor  modulators  (SERMs),  was  discovered.  Tamoxifen  (and  raloxifene) 
paradoxically  prevented  bone  loss  in  ovariectomized  rats  (estrogen-like)  but 
prevented  rat  mammary  carcinogenesis  (antiestrogen-like).  The  same  was 
true  in  patients  with  tamoxifen  (and  raloxifene)  maintaining  bone  density  but 
preventing  breast  cancer.  Additionally,  circulating  cholesterol  decreased  (an 
estrogen-like  effect)  in  patients.  However,  an  estrogen-like  effect  of  tamoxifen 
that  became  a  concern  was  the  discovery  that  in  the  laboratory,  tamoxifen 
prevented  breast  cancer  growth  but  enhanced  the  growth  of  endometrial  cancer. 

Author's  Proof 


Chapter  5 

The  Wisconsin  Story  in  the  1980s:  Discovery 
of  Target  Site-Specific  Estrogen  Action 


Abstract  The  idea  that  tamoxifen  could  potentially  be  employed  to  prevent  breast  4 
cancer  in  populations  of  women  with  high  risk  naturally  mandated  an  extensive  5 
laboratory  and  clinical  investigation  of  potential  toxicological  concerns.  It  was  6 
reasoned  that  if  estrogen  was  necessary  to  maintain  bone  density  and  protect  7 
women  from  coronary  heart  disease,  then  an  “antiestrogen”  might  prevent  breast  8 
cancer  but  increase  the  risks  of  osteoporosis  and  coronary  heart  disease.  Laboratory  9 
results  and  translation  to  clinical  trial  proved  the  reverse  was  true,  and  the  new  drug  io 
group,  selective  estrogen  receptor  modulators  (SERMs),  was  discovered.  Tamoxi-  11 
fen  (and  raloxifene)  paradoxically  prevented  bone  loss  in  ovariectomized  rats  12 
(estrogen-like)  but  prevented  rat  mammary  carcinogenesis  (antiestrogen-like).  13 
The  same  was  true  in  patients  with  tamoxifen  (and  raloxifene)  maintaining  bone  14 
density  but  preventing  breast  cancer.  Additionally,  circulating  cholesterol  15 
decreased  (an  estrogen-like  effect)  in  patients.  However,  an  estrogen-like  effect  16 
of  tamoxifen  that  became  a  concern  was  the  discovery  that  in  the  laboratory,  17 
tamoxifen  prevented  breast  cancer  growth  but  enhanced  the  growth  of  endometrial  18 
cancer.  19 

Introduction  20 

In  the  early  1980s,  Professor  Trevor  Powles,  the  head  of  the  Breast  Cancer  Unit  at  21 
the  Royal  Marsden  hospital,  took  the  bold  step  to  initiate  a  pilot  clinical  trial  of  22 
tamoxifen  to  treat  healthy  women  with  a  high  risk  of  breast  cancer.  The  goals  were  23 
to  determine  whether  healthy  women  without  disease  would  take  tamoxifen  for  24 
years,  monitor  side  effects,  and  use  the  experience  gained  as  a  vanguard  for  a  large  25 
placebo-controlled  chemotherapeutic s  study  of  tamoxifen.  The  scientific  rationale  26 
was  based  on  two  dominant  facts:  (1)  In  the  laboratory,  tamoxifen  was  known  to  27 
prevent  the  initiation  and  promotion  of  mammary  cancer  by  estrogen  in  the  DMB  A-  28 
induced  rat  mammary  carcinoma  model  [1,2].  (2)  Tamoxifen,  used  as  an  adjuvant  29 
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30  therapy,  was  noted  in  a  letter  to  the  Lancet  [3]  to  reduce  the  incidence  of  contralat- 

31  eral  breast  cancer. 

32  In  other  words,  tamoxifen  inhibited  rat  mammary  carcinogens  in  the  standard 

33  laboratory  model  used  in  breast  cancer  research  at  the  time,  and  tamoxifen  actually 

34  inhibited  the  incidence  of  primary  breast  cancer. 

35  At  this  time  in  the  1980s,  tamoxifen  was  classified  as  a  nonsteroidal  antiestrogen 

36  [4]  and  clinical  trials  with  long-term  adjuvant  therapy  were  reporting  a  good  safety 

37  profile  for  the  drug  administered  between  2  years  and  potentially  indefinite  therapy 

38  [5-7].  However,  the  idea  of  treating  healthy  women  with  an  “antiestrogen”  raised 

39  some  important  issues  that  had  to  be  addressed.  If  estrogen  was  important  to 

40  maintain  bone  density  and,  at  the  time,  there  was  the  conviction  that  estrogen 

41  protected  women  from  coronary  heart  disease,  then  the  administration  of  an 

42  “antiestrogen”  might  well  prevent  half  a  dozen  breast  cancers  per  year  in  a  1,000 

43  high-risk  women,  but  the  antiestrogenic  interaction  would  expose  the  majority  of 

44  women  to  crushing  osteoporosis  and  an  increased  risk  of  dying  from  coronary  heart 

45  disease.  The  target  site  pharmacology  needed  to  be  investigated  in  the  laboratory, 

46  and  steps  had  to  be  taken  to  translate  the  findings  to  clinical  practice. 

47  Two  approaches  were  addressed  that  were  ultimately  to  change  clinical 

48  perceptions  about  “nonsteroidal  antiestrogens”  and,  more  importantly,  to  change 

49  the  application  of  these  drugs  in  medicine.  We  will  describe  the  developing  set  of 

50  laboratory  studies  that  would  result  in  a  new  understanding  of  the  pharmacology  of 

51  tamoxifen  and  raloxifene  (then  called  keoxifene)  and  then  describe  the  clinical 

52  studies  that  occurred  simultaneously  that  opened  the  door  to  the  descriptions  of  a 

53  new  drug  group — the  selective  estrogen  receptive  modulators  or  SERMs.  This 

54  program  was  unique  to  the  Wisconsin  Comprehensive  Cancer  Center,  so  we  will 

55  describe  the  associated  information  from  others  that  confirmed  or  supported  our 

56  research  strategy  during  the  1980s. 


57  Laboratory  Studies  on  the  Target  Site-Specific 

58  Pharmacology  of  “Nonsteroidal  Antiestrogens” 

59  The  early  studies  in  the  literature  concerning  ICI  46,474  (later  tamoxifen)  described 

60  its  antifertility  and  antiestrogenic  properties  in  the  immature  rat  uterus  and  in 

61  ovariectomized  rat  Allen-Doisy  tests  [8,  9].  Paradoxically,  tamoxifen  was  estro- 

62  genic  in  the  mouse  uterus  [10-12].  Tamoxifen  was  also  known  to  lower  circulating 

63  cholesterol  in  the  rat  with  no  significant  increase  in  circulating  desmosterol  [8].  In 

64  contrast,  LY 156758  (keoxifene  to  become  raloxifene)  and  LY 117018  were  both 

65  antiestrogens  in  the  rat  and  mouse  uterus  and  blocked  estrogen  and  tamoxifen 

66  induced  increase  in  uterine  weight  [13-17].  There  was  initially  no  information 

67  about  circulating  cholesterol  in  animals,  as  all  interest  was  then  focused  upon  the 

68  use  of  keoxifene  as  a  treatment  for  breast  cancer,  an  indication  for  which  it  was 

69  eventually  to  fail,  and  work  was  discontinued  at  Eli  Lilly  in  the  late  1980s. 
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There  was  interest  in  comparing  and  contrasting  the  actions  of  tamoxifen  and 
keoxifene  on  the  rodent  uterus,  rat  bone  density,  and  carcinogen-induced  rat 
mammary  cancers  and  human  tumors  (breast  and  endometrial)  grown  in  athymic 
mice.  The  differential  effects  of  tamoxifen  in  the  athymic  mouse  uterus 
transplanted  with  a  growing  estrogen- stimulated  ER-positive  MCF-7  tumor  was 
particularly  interesting.  Administration  of  estradiol  caused  an  increase  in  uterine 
weight  and  the  growth  of  the  MCF-7  tumor.  However,  tamoxifen  caused  an 
increase  in  mouse  uterine  weight  but  did  not  cause  MCF-7  tumor  growth.  In  fact, 
tamoxifen  blocked  estrogen-stimulated  growth.  We  analyzed  the  tamoxifen 
metabolites  in  both  estrogen  target  organs  and  found  they  were  comparable,  so 
we  concluded  “that  the  drug  can  selectively  stimulate  or  inhibit  events  in  the  target 
tissues  of  different  species  without  metabolic  intervention”  [18].  It  was  realized, 
however,  that  the  target  site  specificity  had  clinical  relevance  to  the  application  of 
tamoxifen  as  a  long-term  adjuvant  therapy  and  as  a  potential  chemopreventive. 

Dr.  Satyaswaroop  at  Penn  State  Medical  School  in  Hershey,  Pennsylvania,  had 
dedicated  considerable  efforts  to  establish  human  endometrial  cancer  that  grew  in 
athymic  mice  [19].  He  also  noted  that  tamoxifen  would  increase  the  growth  of 
human  endometrial  cancers  [20]  but  had  not  stated  that  these  data  could  be 
translated  to  clinical  practice.  In  a  pioneering  experiment  that  hereafter  changed 
clinical  practice,  human  endometrial  cancer  and  an  MCF-7  tumor  were 
transplanted  into  athymic  mice  and  treated  with  both  physiologic  estrogen  and 
tamoxifen.  The  goal  was  to  establish  whether  tamoxifen  would  stop  the  estrogen- 
stimulated  growth  of  both  human  tumors  in  the  same  mouse.  The  results  (Fig.  5.1) 
demonstrated  that  tamoxifen  inhibited  estrogen- stimulated  tumor  growth  but 
enhanced  the  growth  of  the  human  endometrial  tumor.  It  was  concluded  that 
“these  findings  suggest  that  the  disparate  pharmacology  of  TAM  is  a  tissue- 
specific  phenomenon”  [21]  and  suggested  that  “Until  the  influence  of  TAM  and 
other  antiestrogens  on  endometrial  cancers  has  been  fully  investigated,  vigilance 
by  physicians  treating  patients  with  these  agents  is  needed  to  establish  the  clinical 
relevance  (if  any)  of  these  observations.”  In  other  words,  it  was  possible  that 
tamoxifen  could  prevent  the  growth  of  breast  cancer  but  enhance  the  growth  of 
endometrial  cancer.  The  clinical  community  was  quick  to  replicate  the  same 
target  tissue  concept  in  patients  treated  with  long-term  adjuvant  tamoxifen  ther¬ 
apy  [22]  with  tamoxifen  decreasing  contralateral  breast  cancer  but  increasing  the 
incidence  of  endometrial  cancer  in  postmenopausal  women.  It  was  clear  that 
tamoxifen  was  enhancing  the  growth  of  some  target  tissues  but  blocking  the 
growth  of  others,  so  tamoxifen  may  not  be  appropriate  in  postmenopausal 
women  at  high  risk  of  breast  cancer. 

A  new  dimension  was  necessary.  Chemoprevention  was  to  be  a  reality  with 
antiestrogens  and  that  new  dimension  would  be  keoxifene  (raloxifene).  Raloxifene 
was  compared  with  tamoxifen  in  rats  to  prevent  mammary  carcinogenesis  [23]  and 
endometrial  cancer  [24]. 

There  was  a  concern  about  “nonsteroidal  antiestrogens”  inhibiting  bone  regen¬ 
eration  and  causing  osteoporosis  during  long-term  adjuvant  tamoxifen  treatment  or 
during  the  use  of  tamoxifen  as  a  chemopreventive,  so  there  was  a  focus  on 
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Fig.  5.1  The  pioneering  bitransplantation  study  by  Gottardis  with  an  ER-positive  breast  tumor 
(MCF-7)  implanted  in  one  axilla  and  an  ER-positive  endometrial  tumor  (EnCa  101)  in  the  other 
axilla.  Tamoxifen  blocks  estrogen- stimulated  growth  of  the  breast  tumor,  but  tamoxifen 
encourages  the  growth  of  the  endometrial  tumor 

115  measurements  of  rat  bone  following  ovariectomy  and  antiestrogen  treatment.  Ear- 

116  lier,  Beall  and  coworkers  [25]  had  reported  that  clomiphene  (a  mixture  of  estro- 

117  genic  and  antiestrogenic  geometric  isomers)  maintained  bone  density  in 

118  ovariectomized  retired  breeder  rats.  However,  since  the  administered  drug  was  an 

119  impure  mixture  and  not  an  antiestrogenic  drug  specifically,  there  was  no  proof  that 

120  the  estrogenic  isomer  had  not  caused  an  increase  in  bone  density. 

121  In  contrast,  the  same  model  was  used  in  the  rat  to  determine  the  effect  of  the  pure 

122  antiestrogenic  isomer  tamoxifen,  and  the  results  were  compared  with  raloxifene,  an 

123  antiestrogen  with  less  estrogen-like  actions  than  tamoxifen  in  the  rat  uterus  and  a 

124  fixed  ring  structures.  Both  antiestrogens  maintained  bone  density,  and  in  fact  a 

125  combination  of  antiestrogens  and  estrogen  was  additive  [26].  A  study  of  tamoxifen 

126  and  raloxifene  to  prevent  rat  mammary  carcinogens  demonstrated  efficacy  for  both 

127  antiestrogens,  but  tamoxifen  was  shown  to  be  superior  and  raloxifenes’  effective- 

128  ness  was  found  to  be  not  long  lasting  [23].  More  than  20  years  later,  these  data  were 

129  to  be  relevant  in  the  STAR  trial  (Chap.  8)  with  tamoxifen  having  long-term  and 

130  lasting  actions  to  prevent  breast  tumor  incidence,  but  raloxifene  was  not  able  to 

131  sustain  the  antitumor  effect  after  treatment  was  stopped  [27]. 

132  Finally,  raloxifene  was  less  effective  at  stimulating  the  growth  of  human  endo- 

133  metrial  cancer  in  laboratory  models  [24]  and  less  effective  at  stimulating  the  growth 

134  of  rodent  uterine  in  vivo  [15].  Taken  together,  these  data  generated  in  the  same 

135  laboratory  over  a  period  of  2-3  years  described  the  target  site-specific  actions  of 
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nonsteroidal  antiestrogens  to  switch  on  and  switch  off  estrogen  target  sites  around  136 
the  body.  Those  data  lead  to  the  proposal  first  stated  at  the  First  International  137 


Chemoprevention  Conference  in  New  York  [28].  138 

. .  .an  extensive  clinical  investigation  of  available  antioestrogens.  Could  analogs  be  devel-  139 
oped  to  treat  osteoporosis  or  even  retard  the  development  of  atherosclerosis?  Should  the  140 

agent  also  retain  anti-breast  tumour  actions  then  it  might  be  expected  to  act  as  a  chemosup-  141 

pressive  on  all  developing  breast  cancers.  142 

. a  bold  commitment  to  drug  discovery  and  clinical  pharmacology  will  potentially  143 

place  us  in  a  key  position  to  prevent  the  development  of  breast  cancer  by  the  end  of  this  144 

century.  145 


This  vision  became  a  reality  and  it  led  to  the  further  clinical  evaluation  of  146 
tamoxifen  in  bone  and  then  raloxifene  as  a  selective  estrogen/antiestrogen  in  target  147 
sites  around  a  human’s  body.  Tamoxifen  was  the  drug  of  choice  to  study  because  it  148 
was  approved  clinically.  The  agent  of  choice  by  the  clinical  community  to  study  149 
chemoprevention  in  high-risk  women  was  tamoxifen  and  raloxifene  (aka  150 
keoxifene)  that  was  unavailable  for  clinical  testing.  151 


The  Wisconsin  Tamoxifen  Study  152 

A  preliminary  study  of  bone  mineral  density  in  women  treated  with  adjuvant  153 
tamoxifen  showed  no  detrimental  effects  at  2  years,  i.e.,  the  antiestrogenic  actions  154 
of  tamoxifen  did  not  decrease  bone  density  [29].  These  data  encouraged  the  155 
establishment  of  a  double-blind  placebo-controlled  trial  of  node-negative  postmen-  156 
opausal  (no  menses  for  12  months)  breast  cancer  patients  with  a  diagnosis  up  to  157 
10  years  previously.  158 

It  is  important  to  emphasize  that  in  the  late  1980s,  adjuvant  tamoxifen  treatment  159 
was  not  the  standard  of  care  for  the  node-negative  patient.  Women  were  160 
randomized  to  either  tamoxifen  or  placebo  for  2  years  (Fig.  5.2)  with  evaluations  161 
for  bone  density,  symptoms,  and  cardiovascular  risk  factors  at  baseline,  3,  6,  12,  18,  162 
and  24  months  later.  163 

The  main  results  were  reported  in  a  series  of  publications  in  the  early  1990s  164 
[30-32].  The  changes  in  cardiovascular  risk  factors  during  tamoxifen  treatment  165 
were  encouraging  for  long-term  safety  of  adjuvant  tamoxifen  and  as  a  potential  166 
chemopreventive  agent  in  high-risk  women.  Total  cholesterol  decreased  by  12  %  167 
during  the  2-year  period  and  this  remained  statistically  significant  (P  <  0.001).  The  168 
main  effect  was  driven  by  a  specific  decrease  of  20  %  in  low-density  lipoprotein  169 
(LDL)  cholesterol  (P  <  0.0001)  with  stable  high-density  lipoprotein  (HDL)  cho-  170 
lesterol.  Fibrinogen  rapidly  decreased  by  20  %  at  6  months  (P  <  0.0003)  and  a  7  %  171 
decrease  in  platelets  with  a  significant  decrease  in  antithrombin  III  was  observed  in  172 
tamoxifen-treated  women.  173 

The  bone  parameters  were  highly  significant  and  established  the  idea  that  174 
tamoxifen  could  maintain  or  build  bone  translated  from  the  laboratory  175 
[26,  33-35]  to  clinical  practice.  The  placebo  group  had  a  decrease  in  radius  of  176 
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Fig.  5.2  The  design  of  the 
Wisconsin  Tamoxifen  Study 
recruited  140  node-negative 
breast  cancer  patients  to  be 
randomized  to  either 
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tamoxifen  (20  mg/daily)  or 
placebo.  Bone  mineral 


density  was  measured  by 


Potential 

Participants 


dual-photon  absorptiometry 
at  regular  intervals,  and 
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Randomize 

140 


bloods  were  drawn  to 


•Postmenopausal  or  hysterectomy 
'Mastectomy  or  lumpectomy 
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determine  circulating  lipids 
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•No  recurrence 
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Density  >  80*4  of  age-corrected  normal  values 
•No  cardiovascular  disease,  major  medical 
Illness  or  prednisone  therapy 


10mg  twice 


daily 


177  1-1.292  %  per  year  (P  <  0.0001)  and  spine  of  —0.9967  %  per  year  (P  <  0.0008). 

178  Tamoxifen-treated  women  lost  bone  in  the  radius  from  baseline  of  —0.878  %  per 

179  year  (P  <  0.0002)  and  lumbar  spine  a  gain  of  0.611  %  per  year  (P  <  0.04).  A 

180  comparison  of  both  lumbar  spine  linear  rates  was  highly  significant  by  2  years 

181  (P  <  0.0001).  Symptoms  were  consistent  with  prior  reports  with  only  a  modest  rise 

182  in  hot  flashes  compared  with  placebo.  Gynecological  symptoms  increased  modestly 

183  when  vaginal  discharge,  vaginal  dryness,  bleeding,  and  genital  pruritus  were 

184  identified.  Interestingly,  there  were  fewer  headaches. 

185  In  general,  these  data  from  the  Wisconsin  Tamoxifen  Study  were  confirmed  by 

186  other  publications  around  this  time  [36-40]. 


187  Translational  Research 

188  The  results  with  tamoxifen  and  raloxifene  in  the  ovariectomized  rat  in  the 

189  mid-1980s  were  subsequently  confirmed  by  others,  first  for  tamoxifen  [33-35] 

190  and  then  eventually  raloxifene  [41-43].  The  clinical  research  on  tamoxifen  was 

1 91  set  to  demonstrate  that  circulating  cholesterol  was  reduced  and  postmenopausal  bone 

192  density  was  maintained  in  contrast  to  placebo -treated  controls.  The  links  between 

193  tamoxifen  and  endometrial  cancer  (Chap.  6)  and  rat  liver  carcinogenesis  were 

194  naturally  of  concern  for  the  testing  of  tamoxifen  as  a  chemopreventive  (Chap.  6), 

195  but  a  new  strategy  was  in  place  in  the  refereed  literature  when  Leonard  Lemer  and  I 

196  were  awarded  the  Bruce  F.  Cain  Award  by  the  American  Association  for  Cancer 

197  Research  for  laboratory  research  that  resulted  in  a  successful  strategy  to  treat 

198  cancer  [44].  Simply  stated,  the  roadmap  for  pharmaceutical  industry  to  follow  was 

199  as  follows: 

200  Is  this  the  end  of  the  possible  applications  for  antioestrogens?  Certainly  not.  We  have 

201  obtained  valuable  clinical  information  about  this  group  of  drugs  that  can  be  applied  in  other 

202  disease  states.  Research  does  not  travel  in  straight  lines  and  observations  in  one  field  of 

203  science  often  become  major  discoveries  in  another.  Important  clues  have  been  garnered 
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about  the  effects  of  tamoxifen  on  bone  and  lipids  so  it  is  possible  that  derivatives  could  find  204 
targeted  applications  to  retard  osteoporosis  or  atherosclerosis.  The  ubiquitous  application  205 
of  novel  compounds  to  prevent  diseases  associated  with  the  progressive  changes  after  206 

menopause  may,  as  a  side  effect,  significantly  retard  the  development  of  breast  cancer.  207 

The  target  population  would  be  post-menopausal  women  in  general,  thereby  avoiding  the  208 
requirement  to  select  a  high  risk  group  to  prevent  breast  cancer.  209 

Numerous  companies  followed  the  roadmap  but  not  before  keoxifene  was  210 
renamed  raloxifene  and  became  the  first  SERM  to  treat  and  prevent  osteoporosis  211 
and  prevent  breast  cancer  in  postmenopausal  women.  212 


Postscript.  During  the  1980s,  the  nascent  Breast  Cancer  Program  led  by  213 
Dr.  Douglass  Tormey,  former  head  of  the  Breast  Cancer  Program  at  the  National  214 
Cancer  Institute,  was  building  rapidly  to  create  a  multidisciplinary  group  able  to  215 
conduct  important  translational  research  with  the  potential  to  “export”  ideas  to  the  21 6 
Eastern  Cooperative  Oncology  Group.  Tormey  had  been  the  chief  of  the  Breast  217 
Committee  throughout  the  1970s  and  was  instrumental  in  recruiting  me  to  21 8 
Wisconsin.  Lois  Trench  was  also  key,  as  the  drug  monitor  for  tamoxifen,  and  was  219 
the  one  to  “get  me  started”  at  the  Worcester  Foundation  for  Experimental  Biology  220 
(1972-1974).  I  was  ICI  America’s  first  scientific  consultant  to  use  my  laboratory  221 
results  to  facilitate  clinical  trials  in  America.  I  arrived  in  Madison,  Wisconsin,  in  222 
1980  following  a  period  establishing  a  breast  cancer  center  for  the  Ludwig  Institute  223 
for  Cancer  Research  in  Bern,  Switzerland  (1979-1980).  My  brief  in  Madison  was  to  224 
establish  a  major  center  for  tamoxifen  research  and  act  as  a  link  between  basic  225 
science  at  the  University  of  Wisconsin  and  clinical  trials.  Remember,  tamoxifen  226 
was  only  approved  to  treat  metastatic  breast  cancer  by  the  FDA  at  the  end  of  1977,  22 1 
but  we  had  plans!  To  achieve  this,  all  my  students  had  Dr.  Jack  Gorski  on  their  Ph.  228 
D.  thesis  committee,  and  I  recruited  (with  Jack’s  encouragement)  numerous  of  his  229 
trainees  to  my  laboratory  at  the  Comprehensive  Cancer  Center.  The  late  Mara  230 
Lieberman,  Wade  Welshons,  and  Mike  Fritsch  were  all  outstanding.  231 

Another  important  scientist  of  note  at  the  cancer  center  was  Dr.  David  Rose  who  232 
introduced  me  to  a  range  of  new  antiestrogens  (LY 1 17018,  trioxifene,  LY156  7  58)  233 
from  Eli  Lilly.  David  left  Madison  in  the  early  1980s,  and  it  was  decided  that  I  234 
should  assume  the  responsibility  for  his  staff,  his  laboratory  space,  and  the  ER  235 
clinical  laboratory  that  served  the  hospitals  in  Southern  Wisconsin.  This  was  a  236 
frightening  turn  of  events,  so  I  called  my  mentor  Bill  McGuire  in  San  Antonio  to  237 
explain  that  I  did  not  feel  prepared  for  the  task.  He  replied  that  I  was  looking  at  this  238 
incorrectly — “it’s  an  opportunity”  and  so  it  was.  In  1988,  I  was  appointed  as  the  239 
director  of  the  Breast  Cancer  Research  and  Treatment  Program  for  the  cancer  240 
center.  241 

Wisconsin  created  the  optimal  environment  to  advance  exciting  translational  242 
science  and  create  new  careers.  There  we  created  an  outstanding  Tamoxifen  Team  243 
in  the  Department  of  Human  Oncology  for  14  years;  everyone  was  excellent,  244 
played  their  part,  and  contributed  important  skills  and  publications  that  changed  245 
medicine.  It  was  a  superb  cancer  center  where  young  ambitions  could  be  realized  in  246 
a  nurturing  environment  of  an  outstanding  community  focused  on  science.  But  from  247 
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248  the  many  in  my  Tamoxifen  Team,  several  must  be  mentioned  because  they  either 

249  changed  medical  practice,  created  new  knowledge  in  tamoxifen  pharmacology  that 

250  would  change  the  way  we  perceived  mechanisms,  or  created  new  models  that 

251  would  be  critical  for  future  advances. 

252  Anna  Riegel  (nee  Tate)  demonstrated  outstanding  skills  as  an  undergraduate 

253  student  at  Leeds  University  Department  of  Pharmacology  where  I  was  her  tutor,  and 

254  she  received  a  first-class  honors  degree  in  pharmacology,  a  distinction  in  her 

255  master’s  degree  in  steroid  endocrinology,  and  was  awarded  a  Fulbright  Hays 

256  Scholarship  to  study  for  a  Ph.D.  with  me  at  the  McArdle  Laboratory  for  Cancer 

257  Research  at  the  University  of  Wisconsin-Madison.  She  published  a  pivotal  paper  in 

258  cancer  research  with  myself,  Elwood  Jensen,  and  Geoffrey  Greene,  on  the  shape  of 

259  the  estrogen  and  4-hydroxytamoxifen  ER  complex  conceived  through  as  study  of 

260  antibodies  to  the  human  ER  [45].  This  model  complemented  studies  J  was 

261  conducting  with  Jack  Gorski  [46]  that  presaged  (rather  accurately)  the  subsequent 

262  crystallization  of  the  ligand-binding  domain  of  the  ER  with  estrogens  and 

263  antiestrogens  some  15  years  later  [47,  48].  Anna  was  also  an  important  part  of 

264  our  team  that  contributed  to  the  debate  in  the  early  1980s  about  the  localization  of 

265  the  ER  within  the  cells  of  estrogen  target  tissues.  The  two-step  hypothesis  stated 

266  that  estrogen  diffuses  into  the  cell,  binds  with  high  affinity  to  the  cytoplasmic  ER, 

267  and  is  translocated  to  the  nucleus  where  it  is  transformed  (activated)  to  initiate 

268  estrogen-specific  gene  transcription  (protein  synthesis  and  growth)  [49] .  However, 

269  McGuire’s  group  in  San  Antonio  and  others  had  suggested  that  unoccupied  ER  was 

270  actually  in  the  nucleus  [50].  Two  pieces  of  evidence  swayed  scientific  opinion  to 

271  create  a  new  model  of  estrogen  action:  monoclonal  antibodies  demonstrated  nuclear 

272  ER  in  breast  cancer  cells  in  an  estrogen-free  environment  [5 1]  and  the  Gorski  group 

273  used  cytochalasin  B  with  GH3  rat  pituitary  cells  to  create  nucleoplasts  and 

274  cytoplasts  to  show  ER  only  on  the  nucleoplasts  [52].  It  was  strange  to  recall  I  had 

275  worked  as  a  summer  student  with  Steven  Carter,  at  ICI  Pharmaceuticals  Division  in 

276  the  summer  of  1967,  who  discovered  the  cell  enucleation  property  of  the  natural 

277  product  cytochalasin  B  [53]. 

278  In  1983,  we  reported  to  the  Endocrine  Society  in  San  Antonio  that  tamoxifen 

279  analogs  that  could  not  be  metabolically  activated  to  4-hydroxytamoxifen  switched 

280  on  growth  of  the  immature  rat  uterus  and  induced  progesterone  synthesis  but 

281  apparently  without  translocating  the  ER  complex  from  the  cytoplasm  to  the 

282  nucleus.  The  person  responsible  for  these  studies  was  the  late  Barbara  Gosden 

283  whom  Anna  recommended  for  a  job  in  my  laboratory  for  2  years.  Anna  and  Barbara 

284  were  students  of  the  master’s  course  in  steroid  endocrinology  at  Leeds  in  1979 

285  when  Barbara  completed  her  studies  in  vivo.  She  was  concerned  that  she  had  the 

286  wrong  answer — but  she  had  made  a  discovery.  This  was  exploited  and  confirmed 

287  using  triphenylethylene  estrogens  that  only  weakly  bound  to  the  ER  in  the  rat 

288  uterus.  The  uterus  grew  and  progesterone  receptors  were  made,  but  the  ER 

289  “appeared”  to  remain  in  the  cytosolic  fraction  (or  cytoplasmic)  and  not  in  the 

290  nuclear  fraction.  We  got  the  same  result  as  the  metabolically  resistant  tamoxifen 

291  analogs  and  proposed  using  this  example  of  tamoxifen  structural  pharmacology  to 
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suggest  that  it  was  the  technique  of  uterine  cell  disruption  that  caused  the  abnormal 
result  inconsistent  with  the  2-step  model — but  nobody  cared  [54] ! 

Marco  M.  Gottardis  was  a  superb  experimentalist  with  animal  models.  I 
inherited  him  from  David  Rose  in  1983,  and  he  accepted  my  invitation  to  become 
a  Ph.D.  student  on  the  Human  Oncology  Ph.D.  Training  Program  in  1984.  The 
publications  from  his  Ph.D.  changed  medicine.  Marco  demonstrated  the 
chemopreventive  actions  of  tamoxifen  and  raloxifene  in  carcinogen-induced  rat 
mammary  carcinoma  model  [23].  He  concluded  that  raloxifene  in  the  long  term 
would  not  be  superior  to  tamoxifen.  The  update  of  the  STAR  trial  (Chap.  8)  was  to 
prove  his  data  correct  some  20  years  later  [27].  In  the  mid-1980s,  at  a  time  when 
long-term  adjuvant  tamoxifen  treatment  was  being  tested,  there  was  no  knowledge 
about  acquired  drug  resistance  to  tamoxifen.  Marco  established  the  first  laboratory 
model  of  acquired  tamoxifen  resistance  in  athymic  mice  [55].  Tamoxifen  resistance 
is  unique  in  the  transplantable  model  as  it  takes  the  form  of  tamoxifen- stimulated 
growth.  He  showed  that  estrogen  withdrawal  (a  decade  later  this  was  equivalent  to 
aromatase  inhibitor  treatment)  and  used  the  first  pure  antiestrogen  [56]  to  demon¬ 
strate  that  these  strategies  were  appropriate  second-line  therapies  to  be  used  in 
clinic. 

Perhaps  of  greatest  significance  clinically  was  the  superb  experimental  model  of 
bitransplantation  of  a  human  endometrial  and  breast  tumor  in  athymic  mice.  The 
tumors  were  both  ER  positive,  but  tamoxifen  only  blocked  estrogen-stimulated 
growth  of  the  breast  tumor  but  enhanced  the  growth  of  the  endometrial  tumor.  The 
clinical  significance  was  clear.  Women  taking  long-term  tamoxifen  needed  to  be 
checked  for  endometrial  cancer  growth.  I  presented  a  pivotal  lecture  in  Italy  during 
a  celebration  of  the  900th  anniversary  of  the  University  of  Bologna,  and  this  was 
noted  by  clinicians  in  the  audience.  Dr.  Hardell  from  Sweden  immediately  reported 
about  our  laboratory  finding  in  a  letter  to  the  Lancet  and  described  several  anecdotal 
cases  he  had  observed  of  endometrial  cancer  in  tamoxifen-treated  patients.  I  replied 
[57]  that  we  needed  a  placebo-controlled  clinical  evaluation  to  settle  the  matter 
once  and  for  all.  Fornander  and  colleagues  [22]  showed  that  5  years  of  adjuvant 
tamoxifen  would  increase  the  detection  of  endometrial  cancer  by  fivefold  in 
postmenopausal  women  compared  to  placebo-treated  women.  The  standard  of 
care  changed  for  women  treated  with  tamoxifen  with  the  introduction  of  routine 
gynecological  examinations.  This  saved  lives  and  is  an  excellent  example  of  the 
potential  for  improvements  in  women’s  health  with  rapid  clinical  translation. 
The  process  from  conceiving  the  laboratory  study  to  publicizing  and  publishing 
the  results  in  Cancer  Research,  followed  by  correspondence  to  the  Lancet  and  the 
fast  clinical  publications  in  the  Lancet,  was  2-3  years. 

Shun  Yen  Jiang  came  to  my  laboratory  on  a  4-year  scholarship  from  Taiwan  to 
learn  molecular  biology.  However,  she  gave  my  Tamoxifen  Team  far  more  with  a 
succession  of  firsts.  She  created  two  estrogen  deprivation-resistant  breast  cancer 
cell  lines  from  MCF-7  cells.  These  are  MCF7:5C  [58]  that  was  to  be  so  critical  for 
our  understanding  of  estrogen-induced  apoptosis.  These  cells  were  waiting  for  Joan 
Lewis  to  “discover”  in  the  deep  freeze  a  decade  later  (Chap.  9).  Shun  Yen  also 
created  the  MCF7:2A  cells,  the  only  breast  cancer  cells  with  a  high  molecular 
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337  weight  ER  protein  completely  characterized  by  John  Pink  and  found  to  be  6  and 

338  7  exon  repeats  in  the  ligand-binding  domain  [59,  60] .  John  also  documented  the  two 

339  different  systems  regulating  ER  synthesis  in  breast  cancer  [61]  and  with  Cathy 

340  Murphy  the  first  ER-positive  to  ER-negative  transition  in  breast  cancer  cell  lines 

341  during  estrogen  deprivation  [62,  63].  Shun  Yen  Jiang  subsequently  reversed  the 

342  process  by  creating  the  first  stable  transfectant  of  the  ER  gene  into  an  ER-negative 

343  breast  cancer  cell  line  MDA-MB-231  [64].  This  advance  in  cell  biology  was  passed 

344  on  to  Bill  Catherino  who  created  a  stable  transfectant  of  a  natural  mutant  ER 

345  asp351tyr  (BC2)  [65]  from  a  tamoxifen-stimulated  tumor  developed  by  Doug 

346  Wolf  [66]  who  discovered  the  mutant  ER  in  one  particular  tumor  cell  line  [66]. 

347  All  my  students  start  with  multiple  projects  in  the  expectation  that  one  would 

348  bear  fruit.  With  Doug,  all  bore  fruit  but  this  was  not  clear  at  the  time.  But  this  is 

349  what  good  (and  reliable)  results  in  the  laboratory  really  are.  I  gave  Doug  another 

350  couple  of  projects  to  address  and  to  discover  the  mechanism  of  tamoxifen- 

351  stimulated  growth.  One  hypothesis  at  the  time  in  the  early  1990s  was  that  metabolic 

352  activation  of  tamoxifen  to  the  4-hydroxytamoxifen  metabolite  would  also  produce 

353  an  estrogenic  cis  isomer  to  cause  growth  (Cathy  Murphy  demonstrated  that  this  was 

354  not  true  as  not  all  isomers  were  antiestrogenic  [67]).  Doug  used  a  fixed  ring 

355  tamoxifen  analog  that  could  not  isomerize  to  prove  that  it  was  the  actual  drug  not 

356  an  isomer  that  caused  growth  [68].  All  of  this  closely  interconnected  research 

357  passed  from  generations  of  students  to  the  next  as  the  optimal  model  for  progress. 

358  Progress  and  knowledge  to  aid  patients  was  achieved  in  the  nested  environment  at 

359  UW-Madison.  A  big  breakthrough  for  us  at  the  UW-Madison  was  yet  to  come.  In 

360  the  early  1990s,  growth  factor  pathways  were  the  answer  to  cancer.  I  set  Doug  Wolf 

361  the  problem  of  characterizing  estrogen  and  tamoxifen- stimulated  tumor  growth 

362  through  their  growth  factor  pathways  in  Marco’s  model  of  tamoxifen  resistance. 

363  However,  when  Doug  addressed  the  question,  all  the  physiologic  estrogen- 

364  stimulated  tumors  derived  from  acquired  tamoxifen-resistant  tumors  disappeared. 

365  He  was  embarrassed  and  very  apologetic  that  he  had  repeated  the  experiment 

366  several  times — tamoxifen- stimulated  tumors  grew  just  as  Marco  described 

367  5  years  earlier,  but  estrogen  caused  tumors  to  melt  away.  He  believed  he  had  failed 

368  to  deliver  the  expected  result  from  Marco’s  work,  but  he  had  made  a  discovery — 

369  estrogen-induced  apoptosis  [69].  This  was  confirmed  at  a  new  institution,  the 

370  Robert  Lurie  Comprehensive  Cancer  Center  at  North  Western  University  [70], 

371  and  ultimately  changed  medicine  through  first  providing  us  with  data  to  be  funded 

372  by  the  Department  of  Defense  to  study  mechanisms  that  would  be  used  to  develop 

373  treatment  for  antihormone-resistant  breast  cancer  [71]  and  the  results  of  the  WHI 

374  estrogen-alone  study  where  there  is  a  significant  decrease  in  breast  cancers  and 

375  mortality  [72]. 

376  But  it  did  not  end  there  with  innovation  of  discovery  by  students.  Mei  Wei  Jeng 

377  was  a  student  from  Taiwan,  who  had  obtained  a  master’s  degree  in  Iowa.  She  made 

378  several  important  advances  in  cellular  pharmacology.  Using  Shun  Yen  Jiang’s 

379  stable  transfectants  of  wild-type  ER  in  MDA-MB-231  cells  (S-lOs,  all  my  students 

380  named  their  own  cell  lines!),  Mei  Wei  Jeng  addressed  what  seemed  the  obvious 

381  hypothesis  that  the  cause  of  estrogen  action  to  stop  growth  of  the  S-10  cells  was 
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because  it  blocked  TGF-a  (a  growth- stimulating  hormone)  production  but 
increased  TGF-P  (a  growth  inhibitor)  production.  This  was  not  true  [73],  it  was 
the  other  way  around,  but  new  knowledge  gave  the  Tamoxifen  Team  standard 
estrogen  target  gene  TGF-a  for  all  our  subsequent  work.  Meey-Huey  Jeng  was  also 
very  keen  to  discover  the  role  of  the  progestogens  in  the  modulation  of  TGF-p. 
Instead,  she  discovered  that  19-nortestosterone  derivatives  of  the  oral 
contraceptives  were  estrogens  on  MCF-7  cell  growth  [74],  as  was  the 
antiprogentin  RU486  at  high  doses  [75]. 

So  why  did  we  ever  do  a  bone  study?  Dr.  Urban  Lindgren,  from  the  Karolinska 
Institute  in  Stockholm,  was  doing  a  sabbatical  at  the  UW-Madison.  He  approached 
me  to  consider  creating  a  rapidly  developing  osteoporosis  model  in  ovariectomized 
rats.  Nothing  was  really  known  about  the  effect  of  individual  nonsteroidal 
antiestrogens  on  rat  bone,  so  it  seemed  fairly  simple  as  an  experiment:  antiestrogens 
would  create  bone  loss  in  the  ovariectomized  rat.  I  obviously  selected  tamoxifen  as 
there  was  really  nothing  known  clinically  about  the  action  on  bone,  and  it  might  aid 
the  move  to  clinical  testing  of  tamoxifen  as  a  preventive  for  breast  cancer.  After  Eli 
Lilly  abandoned  their  anticancer  program  to  create  a  rival  to  tamoxifen  with 
keoxifene  for  breast  cancer  treatment,  I  was  left  with  a  large  quantity  of  the 
nonsteroidal  antiestrogen  in  the  laboratory.  I  selected  keoxifene  as  a  competitor 
to  tamoxifen.  The  reason  was  because  keoxifene  was  less  estrogenic  in  the  uterus 
than  tamoxifen  [15];  this  would  probably  make  bone  loss  much  worse.  Lindgren 
taught  Eric  Phelps,  an  exchange  student  at  UW-Madison,  how  to  do  the  ash  density 
study  and  then  to  our  surprise  another  discovery!  Tamoxifen  was  estrogen-like  in 
bone  as  was  keoxifene,  and  the  combination  with  estradiol  benzoate  was  additive 
[26].  These  data  were  repeatedly  rejected  in  “Bone”  journals,  so  I  wrote  our  results 
up  for  the  refereed  journal  Breast  Cancer  Research  and  Treatment  as  I  guessed 
correctly  that  the  medical  community  would  be  interested  in  our  findings.  The 
results  with  tamoxifen  were  confirmed  by  others,  and  the  Wisconsin  Tamoxifen 
Study  was  propelled  forward  with  other  clinicians  committed  to  the  idea  that 
tamoxifen  would  built  bone  [40].  Keoxifene  became  raloxifene,  and  funnily 
enough,  the  target  site  specificity  of  a  combination  of  estrogen  and  a  nonsteroidal 
antiestrogen  being  clinically  valuable  has  now  evolved  into  bazedoxifene  and 
conjugated  equine  estrogen  being  used  to  control  menopausal  symptoms  but  with 
uterine  and  breast  safety  (Chap.  10)!  A  lot  was  initiated  in  Wisconsin  that  would 
change  medical  science  with  selective  estrogen  receptor  modulators  (SERMs). 

All  of  this  decade  of  discovery  at  the  Wisconsin  Comprehensive  Cancer  Center 
would  provide  a  foundation  for  the  subsequent  interrogation  of  the  modulation  of 
the  ER  by  selective  ER  modulator  by  Jennifer  MacGregor- Schafer  [76,  77]  and 
Hong  Liu  [78,  79]  at  the  Robert  H.  Laurie  Cancer  Center,  Northwestern  University, 
Chicago.  The  Wisconsin  scientists  would  pass  the  baton  of  estrogen-induced 
apoptosis  to  the  Northwestern  Medical  Scientists  Kathy  Yao,  Dave  Bentrem 
[70,  80],  Clodio  Osipo  [81],  Hong  Liu  [82],  and  Joan  Lewis  [83]  (Chap.  9).  It  has 
always  been  a  Tamoxifen  Team  effort  from  generation  to  generation. 
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The  laboratory  study  to  show  that  tamoxifen  was  likely  to  increase  the  risk  of 
endometrial  cancer  in  women  was  initially  rapidly  confirmed  by  examination 
of  an  adjuvant  clinical  trials  database.  However,  there  was  a  concern  raised 
that  tamoxifen  was  producing  high-grade  endometrial  cancer,  but  this  claim 
turned  out  to  be  unsubstantiated.  In  general,  the  NSABP  (P-1)  study  showed 
low-grade  good  prognosis  disease  with  no  deaths  from  endometrial  cancer. 
In  contrast,  the  laboratory  finding  in  the  early  1990s  that  select  strains  of 
rats  were  vulnerable  to  hepatocarcinoma  following  lifetime  exposure  to  high 
daily  doses  of  tamoxifen  was  of  concern  and  caused  labeling  changes  for 

tamoxifen.  The  concerns 

that  there  would  be  significant  increases  in  fatal 

hepatocellular  carcinomas 

were  unfounded  on  examination  of  clinical  trials 

data  and  subsequently  ongoing  monitoring  of  epidemiology  databases. 
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Abstract  The  laboratory  study  to  show  that  tamoxifen  was  likely  to  increase  the 
risk  of  endometrial  cancer  in  women  was  initially  rapidly  confirmed  by  examina¬ 
tion  of  an  adjuvant  clinical  trials  database.  However,  there  was  a  concern  raised  that 
tamoxifen  was  producing  high-grade  endometrial  cancer,  but  this  claim  turned  out 
to  be  unsubstantiated.  In  general,  the  NSABP  (P-1)  study  showed  low-grade  good 
prognosis  disease  with  no  deaths  from  endometrial  cancer.  In  contrast,  the  labora¬ 
tory  finding  in  the  early  1990s  that  select  strains  of  rats  were  vulnerable  to 
hepatocarcinoma  following  lifetime  exposure  to  high  daily  doses  of  tamoxifen 
was  of  concern  and  caused  labeling  changes  for  tamoxifen.  The  concerns  that 
there  would  be  significant  increases  in  fatal  hepatocellular  carcinomas  were 
unfounded  on  examination  of  clinical  trials  data  and  subsequently  ongoing  moni¬ 
toring  of  epidemiology  databases. 

Introduction 

The  toxicological  requirements  to  develop  a  drug  as  a  breast  cancer  therapy  contrast 
dramatically  from  the  requirements  necessary  for  approval  for  a  drug  to  be  used  in 
well  women.  Metastatic  breast  cancer  is  fatal,  so  a  small  therapeutic  index  between 
toxicity  and  clinical  benefit  is  appropriate.  In  contrast,  drugs  must  be  rigorously 
tested  and  demonstrate  no  toxicological  issues  in  tests  of  mutagenesis  and  carcino¬ 
genesis  in  preclinical  models  prior  to  FDA  approval  for  use  in  humans  without 
disease. 

Tamoxifen  was  launched  as  a  treatment  for  metastatic  breast  cancer  in  postmen¬ 
opausal  women  in  the  United  Kingdom  in  1973,  and  similar  approvals  occurred  in 
the  United  States  in  December  1977.  Toxicology  was  based  on  short-term  tests  in 
two  species,  and  clinical  data  showed  efficiency  with  a  remarkable  lack  of  side 
effects  [1,2].  However,  the  successful  use  of  tamoxifen  as  an  adjuvant  therapy  in 
node-positive  breast  cancer  and  the  expanded  use  of  tamoxifen  as  an  adjuvant 
therapy  in  node-negative  breast  cancer,  where  the  majority  of  patients  are  cured 
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102  6  Carcinogenesis  and  Tamoxifen 

30  by  early  surgery  and  radiation,  enhanced  enthusiasm  to  use  tamoxifen  to  prevent 

31  breast  cancer  in  high-risk  populations  of  well  women.  The  laboratory  data 

32  supported  the  development  of  prospective  clinical  trials  [3,  4],  and  it  was  already 

33  known  that  tamoxifen,  used  as  an  adjuvant  therapy,  reduced  the  incidence  of 

34  contralateral  breast  cancer  by  50  %  [5].  The  idea  that  tamoxifen  would  be  used  in 

35  well  women  therefore  mandated  a  renewed  evaluation  of  the  toxicology  of  tamoxi- 

36  fen  despite  the  fact  that  the  drug  had  been  successfully  used  ubiquitously  in  breast 

37  cancer  therapy  for  20  years. 

38  A  surprise  was  in  store.  Firstly  was  the  finding  that  tamoxifen  was  target  site 

39  specific  and  enhanced  endometrial  cancer  growth  but,  at  the  same  time,  prevented 

40  estrogen-stimulated  breast  tumor  growth  [6]  (Fig.  5.1,  Chap.  5).  Secondly  was  the 

41  findings  of  long-term  carcinogenesis  studies  in  the  rat;  tamoxifen  was  a  liver 

42  carcinogen. 


43  Tamoxifen  and  the  Endometrial  Carcinoma 

44  The  association  between  tamoxifen  and  endometrial  carcinoma  in  humans  is  based 

45  upon  clinical  observations  during  the  period  1988-1994.  There  is  believed  to  be 

46  an  increased  incidence  of  endometrial  carcinoma  associated  with  breast  cancer; 

47  therefore,  physicians  need  to  take  extra  precautions  for  the  routine  care  of  their 

48  patients.  Tamoxifen  is  known  to  have  estrogen-like  properties  in  the  uterus  of  some 

49  patients  [7-9],  so  treatment  would  be  expected  to  encourage  the  growth  of 

50  preexisting  disease,  a  principle  which  was  first  illustrated  in  the  laboratory 

51  (Fig.  5.1,  Chap.  5).  When  a  breast  tumor  and  endometrial  carcinoma  are 

52  co-transplanted  into  athymic  mice,  tamoxifen  will  block  the  estrogen- stimulated 

53  growth  of  the  breast  tumor  while  stimulating  the  endometrial  carcinoma  to  grow 

54  [6,  10].  This  is  a  demonstration  of  tamoxifen’s  target  site  specificity. 

55  When  evaluating  reports  of  tamoxifen-induced  endometrial  carcinoma,  it  is 

56  important  to  appreciate  that  the  incidence  of  occult  endometrial  tumors  found  in 

57  autopsy  specimens  is  approximately  five  times  the  reported  incidence  in  the  general 

58  population  [11].  The  estrogen-like  properties  of  tamoxifen  can  cause  uterine  hyper- 

59  emia  and  proliferation,  facilitating  the  growth  of  occult  disease  and  leading  to 

60  symptoms  such  as  spotting  and  bleeding.  Deaths  from  endometrial  carcinoma 

61  occurred  during  tamoxifen  therapy  for  breast  cancer,  initially  raising  the  possibility 

62  that  an  aggressive  form  of  the  disease  could  be  caused  by  tamoxifen.  However,  it 

63  should  be  remembered  that  only  one-third  of  metastatic  endometrial  cancer  is 

64  hormonally  responsive,  so  tamoxifen  would  not  be  expected  to  control  the  majority 

65  of  advanced  endometrial  cancer. 
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Deaths  from  Endometrial  Carcinoma 

Magriples  and  coworkers  [12]  completed  a  computer  search  of  the  Yale  New  Haven 
Hospital  tumor  registry  for  the  decade  1980-1990  and  identified  53  patients  with  a 
history  of  breast  cancer  who  subsequently  developed  endometrial  cancer.  Fifteen  of 
these  patients  received  tamoxifen  and  38  did  not.  A  total  of  3,457  women  were 
initially  identified  with  breast  cancer,  but  the  proportion  receiving  tamoxifen  was 
not  stated.  Interestingly  enough,  all  of  the  tamoxifen-treated  patients  received 
40-mg  tamoxifen  daily  rather  than  the  standard  20  mg  daily.  Five  patients  died  of 
endometrial  carcinoma  during  tamoxifen  therapy,  and  the  tumors  from  tamoxifen- 
treated  patients  were  in  general  (67  %)  poorly  differentiated  endometrial 
carcinomata  (Table  6.1).  The  authors  concluded  “it  appears  that  women  receiving 
tamoxifen  as  treatment  for  breast  cancer  who  subsequently  develop  uterine  cancer 
are  at  risk  for  high-grade  endometrial  cancers  that  have  a  poor  prognosis.”  Exami¬ 
nation  of  the  duration  of  tamoxifen  therapy  received  by  women  before  detection 
and  subsequent  death  from  endometrial  carcinoma  shows  that  three  patients 
received  tamoxifen  for  12  months  or  less. 

Deaths  in  women  taking  tamoxifen  for  relatively  short  time  periods  were  also 
reported  in  the  Stockholm  study  [13]  (Table  6.2)  and  the  NSABP  study  B14  [14] 
(Table  6.3).  In  the  Stockholm  study,  931  patients  were  randomized  to  receive  either 
2  or  5  years  of  tamoxifen  40  mg  daily.  Seventeen  patients  have  been  diagnosed  with 
endometrial  carcinoma;  however,  examination  of  patient  records  shows  that  each  of 
the  women  received  tamoxifen  for  less  than  2  years,  and  the  reported  tumors  were 
grades  1  and  2.  One  of  the  major  conclusions  of  the  study  was  that  the  probability  of 
developing  endometrial  carcinoma  was  increased  with  duration  of  tamoxifen  ther¬ 
apy  [15].  However,  examination  of  the  17  cases  of  endometrial  carcinoma  detected 
in  the  nearly  1,000  patients  shows  that  13  of  the  women  who  developed  endometrial 
carcinoma  received  less  than  2  years  of  tamoxifen  treatment  [13]. 

In  the  NSABP  study  [14],  1,419  patients  were  randomized  to  receive  20-mg 
tamoxifen  daily  for  5  years,  and  1,220  patients  were  recruited  and  registered  to 
receive  at  least  5  years  of  tamoxifen.  Twenty-three  women  developed  endometrial 
carcinoma  with  an  average  time  of  evaluation  of  8  years  and  5  years  for  randomized 
and  registered  patients,  respectively.  Six  patients  in  the  tamoxifen-treated  arms  died 
after  a  diagnosis  of  endometrial  carcinoma  (Table  6.3).  Three  of  the  six  women 
took  tamoxifen  for  less  than  2  years,  and  one  woman  never  took  tamoxifen, 
although  she  was  included  in  the  analysis  based  on  intention  to  treat.  Overall, 
eight  of  the  total  of  23  women  taking  tamoxifen  received  the  drug  for  less  than 
2  years. 

Based  on  an  analysis  of  current  clinical  trials  data  available  in  the  1990s,  it  was 
possible  to  address  the  question  [12]  of  whether  an  aggressive  high-grade  disease 
develops  during  tamoxifen  therapy. 
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6  Carcinogenesis  and  Tamoxifen 


tl .  1  Table  6.1  Clinical  and  pathological  features  of  tamoxifen- treated  breast  cancer  patients  who  died 

of  endometrial  carcinoma  in  the  Yale  Haven  Cancer  Survey  [12] 


tl  .2 

Patient 

Age 

Months  on  tamoxifen 

Endometrial  histology 

FIGO  stage 

tl  .3 

1 

71 

120 

Adenosquamous  FG3 

NS 

tl  .4 

2 

85 

96 

Endometrial 

me 

tl  .5 

3 

60 

12 

Endometrioid  FG3 

NS 

tl  .6 

4 

71 

12 

MMT 

IVB 

tl  .7 

5 

87 

3 

Papillary  serous 

NS 

tl  .8 

NS  not  stated,  MMT  mixed  Mullerian  tumor 

t2.1 

Table  6.2 

Clinical  and  pathological  features  of  tamoxifen-treated  patients  who  died  of  endome- 

trial  carcinoma  in  the  Stockholm  trial  [13] 

t2.2 

Age 

Months  on  tamoxifen  Patient 

Endometrial  histology 

FIGO  stage 

t2.3 

68 

24 

1 

NS  grade  I 

I 

t2.4 

69 

13 

2 

NS  grade  II 

I 

t2.5 

70 

11 

3 

NS  grade  II 

IV 

t3.1 

t3.2 

Table  6.3  Characteristics  and  pathological  feature  of  tamoxifen-treated  breast  cancer  patients 
who  died  of  endometrial  carcinoma  (EC)  in  the  NSABP  B14  trial  [14] 

Patient 

Age 

Months  on 
tamoxifen 

Off  tamoxifen  to 
diagnosis  (months) 

Histology 

FIGO 

stage 

Cause  of 
death 

t3.3 

1 

68 

65 

0 

Papillary 

IVG1 

PE 

t3.4 

2 

54 

42 

23 

Carcinosarcoma 

11BG3 

EC 

t3.5 

3 

58 

22 

73 

Papillary 

1BG3 

EC 

t3.6 

4 

68 

5 

0 

Endometrioid 

1A 

CV  disease 

t3.7 

5 

63 

9 

0 

Endometrioid 

1BG2 

EC 

t3.8 

6 

66 

0 

0 

Endometrioid 

1BG1 

EC 

t3.9  CV  cardiovascular,  PE  pulmonary  embolus 

106  Tamoxifen  and  the  Stage  of  Endometrial  Carcinoma 

107  The  discovery  that  high  doses  of  tamoxifen  will  cause  adduct  formation  in  rat  liver 

108  DNA  [16]  occurred  at  the  same  time  that  Magriples  and  coworkers  [12]  reported 

109  tamoxifen  was  associated  with  high-grade  endometrial  carcinoma.  This  naturally 
no  lead  to  the  possibility  that  tamoxifen  may  be  causing  progression  of  preexisting 
in  disease.  However,  randomized  clinical  trial  [14]  and  an  epidemiology  study  [17] 

112  did  not  support  this  proposition,  although,  in  each  case,  the  authors  state  that  the 

113  numbers  are  too  low  to  draw  any  definite  conclusions.  Fisher  and  co workers  [14] 

114  compared  the  stages  of  endometrial  carcinoma  and  tumor  grades  found  in  their 

115  study  and  in  the  Yale  Tumor  Registry  Study  and  the  Swedish  Trail.  An  epidemiol- 

116  ogy  study  from  the  Netherlands  Cancer  Institute  is  included  for  comparison  [17] 

117  (Table  6.4).  It  is  difficult  to  make  absolute  comparisons  of  these  data,  but  several 

118  points  can  be  made.  The  studies  all  found  that  the  majority  of  tumors  reported  were 

119  stage  1  endometrial  carcinoma.  The  percentage  of  low-grade  tumors  was  variable 
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with  78  %,  33  %,  53  %,  and  52  %  for  the  NSABP,  Yale,  Swedish,  and  Netherlands  120 
studies,  respectively.  Additionally,  for  comparison  purposes,  a  Gynecologic  Oncol-  121 
ogy  Group  Study  [18]  of  222  patients  found  the  distribution  of  cases  to  be  82  %  122 
low-grade  cases  (FIGO  I  and  2)  and  18  %  high-grade  cases  (FIGO  3).  Overall,  the  123 
Yale  group  stood  alone  having  the  largest  proportion  of  high-grade  tumors,  with  124 
67  %.  However,  the  fact  that  the  events  were  so  low,  and  patients  with  already  125 
advanced  endometrial  carcinoma  were  being  given  tamoxifen  to  treat  breast  cancer,  1 26 
made  this  fact  not  unexpected.  Based  on  this  analysis  of  available  data,  there  was  127 
insufficient  evidence  to  support  the  statement  that  “women  receiving  tamoxifen  as  128 
treatment  for  breast  cancer  who  subsequently  develop  uterine  cancer  are  at  high  risk  1 29 
for  high-grade  endometrial  cancers  that  have  a  poor  prognosis  [12].”  Nevertheless,  130 
the  fact  that  there  was  an  increase  in  the  incidence  of  endometrial  cancer  was  a  131 
major  clue  with  the  use  of  tamoxifen  for  both  treatment  and  prevention  in  the  1990s.  132 
How  bad  was  the  fear  of  tamoxifen  for  some  patients?  In  the  mid- 1 990s,  one  patient  1 33 
said  to  me:  “Thank  God!  I  have  been  diagnosed  with  ER-negative  breast  cancer  and  134 
I  don’t  have  to  take  tamoxifen.”  135 


Incidence  of  Endometrial  Cancer  with  Tamoxifen  136 

It  is  now  possible  to  give  a  precise  rate  for  the  incidence  of  endometrial  carcinoma  137 
in  tamoxifen-treated  patients.  The  results  from  the  Early  Breast  Cancer  Trialists’  138 
Collaborative  Group  (EBCTCG)  [19]  have  shown  that  tamoxifen  increases  the  139 
incidence  of  endometrial  cancer  and  was  strongly  correlated  with  age.  The  risk  of  140 
incidence  or  death  from  endometrial  cancer  was  very  little  in  the  younger  age  group  141 
(<45,  or  45-54  years)  with  only  one  death  and  11  incidents  of  endometrial  cancer  142 
in  the  <45  years  group  with  ER-positive  breast  cancer  and  seven  deaths  and  143 
71  incident  cases  of  endometrial  cancer  in  the  55-69  years  group  with  144 
ER-positive  breast  cancer  (incidence  3.8  %  in  the  tamoxifen  group  vs.  1.1  %  in  145 
the  control  group;  absolute  increase  2.6  %,  95  %  Cl)  [19].  146 

Most  importantly,  the  new  knowledge  about  the  small  but  significant  increase  in  147 
endometrial  cancer  in  postmenopausal  patients  treated  with  long-term  adjuvant  148 
tamoxifen  therapy  acted  as  a  forewarning  for  the  NCI  NSABP  P-1  prevention  149 
trial  to  remain  vigilant  for  signs  of  spotting  and  bleeding  on  protocol.  Accurate  150 
results  for  the  detection  of  endometrial  cancer  in  pre-  and  postmenopausal  women  151 
at  risk  for  breast  cancer  are  documented  in  Table  6.4.  There  is  a  significant  increase  152 
in  endometrial  cancer  in  postmenopausal  population,  but  not  in  premenopausal  153 
women  at  risk  for  breast  cancer  [20,  21].  It  is  important  to  note  that  no  patient  died  154 
from  endometrial  cancer  in  the  NCI/NS ABP  P-1  study,  probably  because  of  the  155 
meticulous  surveillance  practices  during  the  study.  156 

Finally,  another  clinical  trial  Study  of  Tamoxifen  and  Raloxifene  (STAR),  also  157 
known  as  NSABP  P-2  trial,  concluded,  as  well,  that  tamoxifen  treatment  increases  158 
the  incidence  of  invasive  uterine  cancer  in  comparison  to  women  with  high  risk  of  159 
breast  cancer  treated  with  raloxifene  [22].  Increase  by  45  %  (RR,  0.55;  95  %  Cl,  160 
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0.36-0.83)  for  invasive  uterine  cancer,  and  80  %  higher  incidence  of  endometrial 
cancer  in  tamoxifen-treated  group  than  in  raloxifene  treated  (RR,  0.19;  95  %CI, 
0.12-0.29). 


Tamoxifen  and  Rat  Liver  Carcinogenesis 

It  is  now  clear  that  if  I  had  pursued  the  idea  of  giving  high  doses  of  tamoxifen  to 
prevent  rat  mammary  carcinogenesis  [4],  then  rat  liver  carcinogenesis  would  have 
been  discovered  in  1973  [23],  and  there  would  have  been  no  tamoxifen,  and 
hundreds  of  thousands  of  women  would  now  be  dead  of  breast  cancer.  There 
would  probably  be  no  aromatase  inhibitors  or  SERMs.  The  pharmacological  indus¬ 
try  would  not  have  advanced  a  known  carcinogen  for  long-term  therapy  (adjuvant 
therapy)  or  chemoprevention,  so  the  “gold  standard”  would  not  have  existed  for 
others  to  beat. 

High  daily  doses  of  tamoxifen  will  produce  hepatocellular  carcinoma  in  the  rat 
(Table  6.5)  if  administered  for  up  to  half  the  animal’s  lifetime.  This  is  particularly 
true  at  a  45.2  mg/kg  dose,  when  tumors  are  formed  within  6  months  in  29  %  of  the 
animals  [24].  There  is  general  agreement  that  high  daily  doses  of  tamoxifen  result 
in  the  premature  death  of  rats.  In  the  study  by  Greaves  and  coworkers  [25],  50  %  of 
control  female  rats  were  alive  and  well  at  about  104  weeks  (2  years),  but  treatment 
with  35  mg/kg  tamoxifen  daily  produced  50  %  deaths  by  42  weeks.  Interestingly, 
the  low  dose  of  5  mg/kg/day  increases  the  survival  of  male  and  female  rats  at 
2  years  (males,  30  %  deaths  in  treated  vs.  70  %  deaths  in  controls;  females,  25  % 
deaths  in  treated  vs.  50  %  deaths  in  controls).  The  authors  note  [25]  that  their  low 
tamoxifen  dose  (5  mg/kg/day)  completely  inhibited  the  incidence  of  adenomas  in 
the  pituitary  gland  and  adenocarcinomas  of  the  mammary  gland  in  female  rats  and 
almost  completely  inhibited  adenomas  of  the  pituitary  gland  and  parathyroid  gland 
in  male  rats. 

The  published  studies  indicate  that  there  is  a  threshold  level  for  liver  carcinoge¬ 
nicity,  which  is  approximately  3  mg/kg/day  [24].  However,  the  study  by  Dragan 
and  coworkers  [27],  using  a  different  rat  strain  and  experimental  design,  observed 
no  hepatocellular  carcinomata  after  15  months  of  treatment.  The  design  of  the  study 
divided  carcinogenesis  into  initiation  and  promotion.  Carcinogenesis  was  initiated 
with  diethylnitrosamine  (DEN  10  mg/kg  oral)  in  partially  hepatectomized  Fischer 
F344  rats,  and  promotion  to  carcinogenesis  was  completed  with  tamoxifen  in  the 
feed  at  250  ppm.  Blood  levels  of  tamoxifen  were  230  ±  30  ng/ml  (i.e.,  in  the  range 
of  clinical  experience  [27]).  It  can  be  estimated  that  a  200-g  rat  consumes  10  g  of 
food  containing  2.5  mg  tamoxifen  per  day,  so  a  rat  received  a  daily  dose  of  12.5  mg/ 
kg,  which  is  within  the  10-30  mg/kg/day  dosing  regimens  of  other  studies  [24].  No 
hepatocellular  carcinomata  were  observed  if  DEN,  the  initiator,  was  omitted,  but 
tumors  were  seen  if  DEN  was  given  with  tamoxifen,  leading  the  authors  to  conclude 
that  tamoxifen  is  a  promoter  of  hepatocellular  carcinoma  in  the  Fischer  rat.  How¬ 
ever,  all  the  other  studies,  mainly  using  Sprague-Dawley  strains  of  rats  and  bolus 
administration  of  drug  by  lavage,  suggest  that  tamoxifen  is  a  complete  carcinogen 
at  high  doses. 
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t5.1  Table  6.5  The  occurrence  of  hepatocellular  carcinoma  in  various  rat  strains  during  long-term 
tamoxifen  treatment 


Hepatocellular 


t5.3 

t5.8 

Strain  of  rat 

Daily  dose 
(mg/kg) 

n 

Duration 

(months) 

carcinoma 

Reference 

% 

in) 

t5.5 

1.  Sprague-Dawley 

2.8 

57 

15 

0 

(22) 

[24] 

t5.6 

(Crl:CD(BR)) 

11.3 

57 

15 

45 

(11) 

t5.7 

45.2 

57 

12 

75 

(4) 

t5.8 

2.  Wistar  (Alpk:  ApfSD)  5 

52 

24 

16 

(51) 

[25] 

t5.9 

20 

52 

24 

64 

(51) 

t5.10 

35 

52 

24 

64 

(51) 

t5.1 1 

3.  Sprague-Dawley 

11.3 

84 

12 

44 

(36) 

[26] 

t5.12 

(Crl:CD(BR)) 

22.6 

75 

12 

100 

(24) 

t5.13 

4.  Fischer  F344 

12. 5a 

20 

15 

0 

(8) 

[27] 

204  Tamoxifen  and  DNA  Adduct  Formation 

205  Carcinogenesis  requires  genotoxicity,  so  it  is  important  to  correlate  the  formation  of 

206  DNA  adducts  with  the  formation  of  tumors  in  a  particular  organ  for  a  sensitive 

207  species.  Mani  and  Kupfer  [28]  first  showed  that  in  human  and  rat  liver  microsome 

208  systems  in  vitro  [14C],  tamoxifen  was  metabolized  by  an  NADPH-dependent 

209  cytochrome  P450-mediated  activation  system  to  intermediate(s)  which  covalently 

210  bound  to  microsomal  proteins.  Han  and  Liehr  [16]  subsequently  showed  that  the 

211  administration  intraperitoneally  (i.p.)  of  tamoxifen  (20  mg/kg/day)  to  Sprague- 

212  Dawley  rats  resulted  in  two  DNA  adducts  after  only  1  day  and  up  to  six  adducts 

213  after  6  consecutive  days  of  treatment.  A  similar  result  was  observed  by  Hard  and 

214  associates  [26]  using  48  mg/kg/day  tamoxifen  for  7  days  in  Sprague-Dawley  rats. 

215  It  is  clear  that  large  doses  of  tamoxifen  can  produce  DNA  adducts,  but  White  and 

216  coworkers  [29]  have  investigated  the  dose  adduct  relationship  in  rats.  Seven  days  of 

217  dosing  with  between  5  and  45  mg  tamoxifen/kg/day  produced  an  almost  linear 

218  dose-dependent  increase  in  DNA  adducts  in  the  Fischer  344  rat.  At  doses  of  less 

219  than  5  mg/kg/day,  tamoxifen  did  not  alter  the  chromatograph  from  32P  post-labeled 

220  DNA  from  treated  rats.  It  would  appear,  therefore,  that  there  is  a  threshold  for  the 

221  appearance  of  adducts  with  tamoxifen  and  the  induction  of  liver  tumors.  The 

222  metabolite  oc-hydroxytamoxifen  was  subsequently  found  to  be  responsible  for 

223  DNA  adducts  in  rats  (see  Chap.  3). 

224  White  and  colleagues  [29]  also  examined  whether  adduct  formation  occurs  in  the 

225  mouse,  which  does  not  produce  liver  tumors  in  response  to  tamoxifen.  There  is 

226  DNA  adduct  formation  in  both  C57B 1/6  and  DBA/2  mice;  however,  this  is  approx- 

227  imately  30  %  of  that  observed  with  a  similar  dosing  schedule  in  the  Fischer  rats 

228  [29],  raising  questions  about  the  correlation  between  adduct  formation  and  clini- 

229  cally  evident  tumors. 
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In  humans,  DNA  adducts  were  not  observed  in  the  livers  of  tamoxifen- treated 
women;  however,  only  limited  samples  were  screened  [30].  A  study  in  vitro  [31] 
demonstrated  the  ability  to  form  DNA  adducts  with  human  and  rat  liver 
microsomes  using  100-pM  tamoxifen.  Although  the  levels  of  DNA  adducts  are 
low  and  in  the  range  of  the  studies  in  vivo  with  mice,  the  human  liver  was  two  to 
three  times  more  effective  at  producing  DNA  adducts  than  the  rat.  The  Sprague- 
Dawley  rat  livers  used  in  the  studies  in  vitro  [31]  are  from  a  strain  that  is  extremely 
sensitive  to  the  carcinogenic  actions  of  tamoxifen  in  vivo.  Adduct  formation  in  vitro 
can  be  dramatically  altered  by  adding  different  cofactors  [31],  and  the  level  of  DNA 
adduct  formation  that  is  required  for  carcinogenesis  may  be  dose  related,  as  in  the 
rat  in  vivo  [29].  The  level  of  adducts,  1-3  x  108  nucleotides,  observed  in  the  study 
of  rat  liver  microsomes  in  vitro  [31]  is  not  in  the  carcinogenic  range  in  vivo  [29], 
although  caution  must  be  used  when  comparing  in  vivo  and  in  vitro  studies. 

Overall,  these  data  demonstrated  that  DNA  adducts  could  be  formed  in  vitro  and 
in  vivo,  but  the  level  of  adduct  formation  seems  critical  for  carcinogenesis.  Adduct 
formation  using  human  microsomes  is  very  low,  but  this  can  be  enhanced  into  the 
mouse  range  using  cumene  hydroperoxide  as  a  cofactor  [31].  However,  mice  do  not 
produce  liver  tumors  after  long-term  treatment.  Thus,  the  most  important  issues  in 
the  1990s  were  the  species  differences,  the  correlation  between  liver  carcinogenesis 
and  DNA  adduct  formation,  the  effect  of  the  rate  of  repair  of  DNA  in  different 
species,  and  the  relative  doses  used  to  demonstrate  the  carcinogenic  effects  of 
tamoxifen.  However,  the  epidemiology  of  human  liver  cancer  did  not  support 
patient  risk  evaluations  in  women  taking  tamoxifen.  No  correlation  has  been 
noted  to  this  day,  but  in  the  1990s,  the  concern  was  justified  with  the  move  to 
prevention  and  the  possibility  that  the  liver  carcinogenesis  could  occur  decades 
after  taking  the  drug. 


Doses  of  Tamoxifen  in  Animals  and  Man 

A  key  argument  made  regarding  rat  liver  carcinogenesis  studies  was  that  since  the 
serum  concentrations  of  tamoxifen  obtained  in  the  rat  (Table  6.6)  were  within  the 
range  of  serum  concentrations  achieved  during  the  treatment  of  breast  cancer,  then 
the  results  are  clinically  relevant.  It  is  generally  believed  that  toxicology  testing 
should  be  conducted  to  mimic  human  pharmacokinetics.  However,  the  rat  and 
mouse  clear  tamoxifen  from  the  body  at  a  much  faster  rate  than  the  human  so 
that  higher  doses  must  be  administered  to  maintain  the  blood  level  in  the  human 
range  used  for  treatment.  Examination  of  the  relative  dosage  regimens  in  different 
species  and  the  resulting  serum  levels  of  tamoxifen  illustrate  the  point.  Serum  levels 
of  tamoxifen  during  the  treatment  of  breast  cancer  with  10  mg  twice  daily  (approx¬ 
imately  285  pg/kg  daily  for  a  70-kg  postmenopausal  woman)  are  usually  between 
100  and  200  ng/ml  [32].  In  contrast,  the  administration  of  50-  or  100-pg  tamoxifen 
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269  daily  to  ovariectomized  mature  mice  (approximately  2.5  mg/kg  for  a  20-g  mouse) 

270  or  immature  rats  (approximately  3  mg/kg  for  a  35-g  rat)  for  7-10  days  results  in 

271  pharmacological  effects  but  produces  serum  levels  of  tamoxifen  often  below  the 

272  level  of  detection  by  high  performance  liquid  chromatography  [33].  Only  by  giving 

273  high  doses  of  tamoxifen  (200  mg/kg)  to  animals  can  one  adequately  study 

274  circulating  levels  of  drug  [33].  We  studied  the  circulating  levels  of  tamoxifen  in 

275  patients  receiving  high  daily  doses  of  tamoxifen.  Increasing  the  daily  dose  to  the 

276  limits  of  toxicity  (10  mg/kg)  [35]  in  humans  reaches  the  dose  range  (5-35  mg/kg) 

277  used  to  treat  rats  in  the  liver  carcinogenesis  studies  (Table  6.6).  However,  the  blood 

278  levels  are  tenfold  higher  in  the  human.  Comparable  serum  levels  in  the  rat  and 

279  human  during  tamoxifen  treatment  can  only  be  produced  by  treating  rats  with  high 

280  doses  of  tamoxifen.  The  schedules  that  are  used  to  demonstrate  liver  carcinogenesis 

281  in  the  rat  (5-40  mg/kg)  are  20  times  greater  than  the  standard  treatment  regimen  in 

282  women  (20  mg  daily  or  285  pg/kg). 


283  Testing  at  Comparable  Therapeutic  Levels 

284  Tamoxifen,  at  a  daily  dose  of  50  pg  (250  pg/kg),  inhibits  the  growth  and  develop- 

285  ment  of  dimethylbenzanthracene-induced  rat  mammary  tumors  [36].  This  is  equiv- 

286  alent  to  the  therapeutic  dose  used  to  treat  metastatic  breast  cancer  and  as  an 

287  adjuvant  therapy  in  node-positive  and  node-negative  disease.  The  duration  of 

288  therapy  for  the  treatment  of  breast  cancer  can  be  indefinite  in  some  clinical  trials 

289  [37,  38],  but  most  treatment  plans  use  5  years  of  adjuvant  tamoxifen  at  a  dose  of 

290  20  mg  daily.  With  the  life  expectancy  of  most  women  being  80  years  of  age,  this 

291  translates  into  about  6  %  of  a  woman’s  lifetime,  and  most  women  are  treated  during 

292  their  postmenopausal  years.  In  contrast,  studies  of  rat  liver  carcinogenesis  employ  a 

293  test  system  that  starts  at  6  weeks  of  age  (just  post-puberty)  and  treats  daily  with 

294  approximately  20  times  the  human  dose  for  the  rest  of  the  animals’  life.  At  a  dose  of 

295  11.3  mg/kg,  approximately  half  the  rats  develop  liver  tumors  within  a  year  [26] 

296  (Table  6.7). 

297  It  is  important  to  state  that  the  general  need  for  carcinogenic  testing  is  to 

298  establish  whether  an  agent  is  carcinogenic  per  se  not  just  at  the  level  of  therapeutic 

299  value.  To  achieve  this,  animals  are  tested  with  a  high  dose,  with  lower  doses 

300  approaching  the  therapeutic  range.  A  positive  result  in  the  animal  test  does  not 

301  mean  that  human  therapeutic  levels  will  be  carcinogenic  but  provides  a  warning  of 

302  such  a  possibility.  A  treatment  regimen  of  tamoxifen,  0.25  mg/kg  daily,  for  2-3 

303  months  during  the  second  year  of  the  rats’  life  would  be  an  equivalent  bioassay. 

304  This  approach  would  give  a  realistic  view  of  the  toxicological  risks  observed  in 

305  patients.  Since  the  doses  to  be  used  are  far  below  the  level  that  causes  adduct 

306  formation  [29]  and  repair  mechanisms  occur  after  the  cessation  of  therapy,  there  is 

307  little  probability  that  animals  will  develop  liver  tumors,  thus  duplicating  clinical 

308  experience. 
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Table  6.6  Circulating  serum  levels  obtained  with  different  dosage  regimens  in  the  rat,  mouse,  and  t6. 1 

human  (70-kg  postmenopausal  women) 


Species 

Dosage  per  day  (mg/kg) 

Duration 

Tamoxifen  concentration 

Reference 

t6.2 

Human 

0.28 

>2  years 

148 

[32] 

t6.3 

Rat 

3 

7  days 

<1 

[33] 

t6.4 

Rat 

200 

7  days 

1,000 

[33] 

t6.5 

Mouse 

2.5 

7  days 

<10 

[33] 

t6.6 

Mouse 

200 

10  days 

300 

[33] 

t6.7 

Human 

4.9 

1  year 

1,300 

[33,  34] 

t6.8 

Human 

Approx.  10 

11  days 

1,855 

[35] 

t6.9 

Table  6.7  The  levels  of  circulating  tamoxifen  achieved  with  the  dosing  regimens  used  in  rats 
during  carcinogenesis  experiments 

t7.1 

t7.2 

Rats 

Dosage  regimen 
(mg/kg) 

Tamoxifen  concentration 
(ng/ml) 

Liver 

tumors 

Reference 

1.  Mature  Wistar 

5 

166 

Yes 

[24] 

t7.3 

20 

644 

t7.4 

35 

636 

t7.5 

2.  Mature  Sprague- 

11.3 

138  db  41 

Yes 

[25] 

t7.6 

Dawley 

22.6 

172  =b  103 

1 7.7 

3.  Mature  Fischer 

12. 5a 

230  db  30 

Yes 

[27] 

t7.8 

aBased  on  estimate  of  daily  food  intake  of  10  g  per  day  of  250-mg  tamoxifen/kg  feed  t7.9 

Toxicological  testing  of  new  drugs  in  development  to  reduce  the  risks  to  patients  309 
is  crucial,  but  tamoxifen  has  received  extensive  clinical  testing  over  the  past  310 
40  years  without  producing  major  toxicides.  Although  it  is  argued  that  a  decade  311 
is  required  for  iatrogenic  carcinogenesis  in  patients  [39],  there  is  currently  little  or  312 
no  information  to  demonstrate  that  tamoxifen  is  a  significant  liver  carcinogen  in  the  313 
human,  as  has  been  demonstrated  for  the  rat  [24].  The  divergence  of  effects  in  rats  314 
and  women  is  because  of  differences  in  the  dose,  duration  and  timing  of  tamoxifen  315 
treatment,  differential  metabolism,  rapid  repair  responses  in  humans,  and  the  316 
susceptibility  of  some  inbred  strains  of  rat  to  hepatocellular  carcinogens.  317 


Conclusion 


318 


Overall,  the  effective  translational  research  on  the  link  between  tamoxifen  and  the  319 
growth  of  endometrial  cancer  with  the  important  step  of  taking  our  laboratory  320 
finding  [6]  to  the  clinical  community  [15]  resulted  in  lives  saved  and  put  in  place  321 
new  gynecologic  procedures  that  remain  to  this  day.  It  was  specifically  stated:  322 
“Until  the  influence  of  TAM  and  other  antiestrogens  on  endometrial  cancers  has  323 
been  fully  investigated,  vigilance  by  physicians  treating  patients  with  these  agents  324 
is  needed  to  establish  the  clinical  relevance  (if  any)  of  these  observations.”  How-  325 
ever,  the  other  toxicological  issue,  rat  liver  carcinogenesis  was  not  to  evaporate  so  326 
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327  easily  and  is  a  lasting  example  of  those  observations  in  laboratory  that  do  not 

328  necessarily  translate  to  the  clinic.  However,  Zeneca  (originally  ICI  pharmaceuticals 

329  division)  formally  required  a  “black  box”  designation  to  comply  with  the  toxico- 

330  logical  findings.  A  lesson  learned,  but  not  unlike  the  fact  the  tamoxifen  was  a  superb 

331  antifertility  agent  in  the  laboratory  but  did  exactly  the  opposite  in  clinical  practice! 

332  Postscript.  The  results  of  the  pioneering  experiment  by  my  Ph.D.  student  Marco 

333  Gottardis  [6]  on  the  target  site  specificity  in  breast  cancer,  and  endometrial  cancer 

334  was  used  by  us  to  appeal  to  the  clinical  community  to  monitor  their  adjuvant 

335  clinical  trials.  This  story  is  told  in  the  Postscript  to  Chap.  5.  Marco  and  I  traveled 

336  to  ICI  pharmaceutical  division  in  1987,  and  he  presented  his  work  at  Alderley  Park 

337  for  their  staff.  The  staff  at  ICI  took  immediate  action  and  contacted  the  Stockholm 

338  adjuvant  clinical  trial  group  to  look  at  their  database  with  different  durations  of 

339  tamoxifen  [15,  40].  The  results  of  their  data  collection  process  replicated  our 

340  laboratory  study,  fewer  contralateral  breast  cancers  and  more  endometrial  cancers 

341  with  tamoxifen.  It  is  interesting  to  observe  that  an  examination  of  their  paper 

342  published  in  1989  shows  that  the  axis  for  the  duration  of  patient  monitoring  of 

343  their  adjuvant  tamoxifen  trail  for  endometrial  cancer  extends  for  10.5  years.  In 

344  other  words,  they  already  had  the  data  by  the  year  1987  when  we  first  talked  about 

345  our  animal  studies  of  human  disease  in  1987.  The  NSABP  followed  up  with  their 

346  evaluation  of  tamoxifen  and  endometrial  cancer  in  1991  [41].  All  of  these  transla- 

347  tional  research  successes  were  essential  to  prepare  the  clinical  trials  community  for 

348  monitoring  the  proposed  chemoprevention  trials  in  women  without  breast  cancer 

349  for  endometrial  cancer. 

350  Wisconsin  with  its  two  cancer  centers:  the  Wisconsin  Comprehensive  Cancer 

351  Center  and  McArdle  Laboratory  for  Cancer  Research  had  significant  researchers  in 

352  carcinogenesis.  Henry  Pitot,  a  former  director  of  the  McArdle  Laboratory,  was  a 

353  world  authority  on  hepatocarcinogenesis.  Here  was  a  superb  opportunity  to  join 

354  forces  on  a  “hot  topic”  in  toxicology — rat  carcinogenesis  with  nonsteroidal 

355  antiestrogens.  Henry  had  a  talented,  keen,  and  enthusiastic  postdoc. .  .who  success- 

356  fully  wrote  up  our  proposal,  and  Henry  generously  resulted  that  I  was  the  principal 

357  investigator  as  this  was  a  “topical  tamoxifen  issue,”  and  I  was  better  positioned  to 

358  be  successful.  He  was  correct  and  numerous  publications  subsequently  followed. 

359  This  is  what  cancer  centers  are  all  about — collaboration  to  aid  and  understanding  of 

360  topics  that  will  affect  the  well-being  of  patients,  in  this  case  the  concern  was  about 

361  liver  cancer  with  tamoxifen  use.  It  also  provided  me  with  the  opportunity  to 

362  participate  in  the  debate  about  the  safety  of  tamoxifen  at  the  national  level  and 

363  especially  at  hearings  in  the  state  of  California.  All  through  the  development  of 

364  tamoxifen,  I  had  a  philosophy  of  looking  at  “the  good,  the  bad,  and  the  ugly”  of 

365  tamoxifen.  Patient  safety  and  patient  mortality  was  always  the  goal. 
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Abstract 

Tamoxifen  was  first  shown  to  prevent  the  initiation  and  promotion  of  rat 
mammary  carcinogenesis  in  the  1970s.  During  the  1990s,  numerous  trials  were 
initiated  to  test  the  worth  of  tamoxifen  to  decrease  the  incidence  of  breast 
cancer  in  otherwise  healthy  women.  The  Royal  Marsden  study  was  first  with 
a  vanguard  study  in  the  1980s  followed  by  the  National  Surgical  Breast  and 
Bowel  Project  (NSABP)  P-1  trial,  the  Italian  Study  of  women  not  at  risk, 
and  the  International  Breast  Cancer  Study  Group  (IBIS).  Multiple  subsequent 
analyses  all  showed  some  efficacy  to  reduce  breast  cancer  incidence,  but  the 
NSABP  study  was  the  strongest  powered  clinical  trial  uniformly  demonstrating 
a  50  %  decrease  in  incidence  for  both  pre-  and  postmenopausal  women  at  risk. 

As  predicted,  endometrial 

cancer  was  the  most  troublesome  side  effect,  but 

only  in  postmenopausal  women  taking  tamoxifen. 

Author's  Proof 


Chapter  7 

Chemoprevention:  Cinderella  Waiting 
for  the  Ball 


Abstract  Tamoxifen  was  first  shown  to  prevent  the  initiation  and  promotion  of  rat  4 
mammary  carcinogenesis  in  the  1970s.  During  the  1990s,  numerous  trials  were  5 
initiated  to  test  the  worth  of  tamoxifen  to  decrease  the  incidence  of  breast  cancer  6 
in  otherwise  healthy  women.  The  Royal  Marsden  study  was  first  with  a  vanguard  7 
study  in  the  1980s  followed  by  the  National  Surgical  Breast  and  Bowel  Project  8 
(NSABP)  P-1  trial,  the  Italian  Study  of  women  not  at  risk,  and  the  International  9 
Breast  Cancer  Study  Group  (IBIS).  Multiple  subsequent  analyses  all  showed  some  io 
efficacy  to  reduce  breast  cancer  incidence,  but  the  NSABP  study  was  the  strongest  11 
powered  clinical  trial  uniformly  demonstrating  a  50  %  decrease  in  incidence  for  both  12 
pre-  and  postmenopausal  women  at  risk.  As  predicted,  endometrial  cancer  was  the  13 
most  troublesome  side  effect,  but  only  in  postmenopausal  women  taking  tamoxifen.  14 


Introduction  15 

The  idea  of  the  prevention  of  breast  cancer  is  not  new,  but  significant  practical  16 
progress  has  been  made,  through  translational  research,  to  make  the  idea  feasible  in  17 
some  women.  It  is  now  possible  to  reduce  the  incidence  of  breast  cancer  through  the  18 
inhibition  of  estrogen  action.  19 

Professor  Antoine  Lacassagne  [1]  stated  a  vision  for  the  prevention  of  breast  20 
cancer  at  the  annual  meeting  of  the  American  Association  of  Cancer  Research  in  21 
Boston  in  1936.  22 

If  one  accepts  the  consideration  of  adenocarcinoma  of  the  breast  as  the  consequence  of  a  23 

special  hereditary  sensibility  to  the  proliferative  actions  of  estrone,  one  is  led  to  imagine  a  24 

therapeutic  preventative  for  subjects  predisposed  by  their  heredity  to  this  cancer.  It  would  25 
consist  -  perhaps  in  the  very  near  future  when  the  knowledge  and  use  of  hormones  will  be  26 

better  understood  -  in  the  suitable  use  of  a  hormone  antagonistic  or  excretory,  to  prevent  the  27 

stagnation  of  estrone  in  the  ducts  of  the  breast.  28 

But  no  agent  that  was  “antagonistic  to  prevent  the  stagnation  of  oestrone  in  29 
the  breast”  was  available  to  the  clinician  for  clinical  trial  until  tamoxifen  [2,  3].  30  *&uil 
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31  Tamoxifen  became  the  “antiestrogen”  of  choice  because  of  the  following  (a)  There 

32  was  a  large  body  of  basic  biological  evidence  that  this  was  a  valid  hypothesis  to  test 

33  (b)  Tamoxifen  was  noted  to  reduce  the  incidence  of  contralateral  breast  cancer 

34  when  used  as  an  adjuvant  therapy  to  treat  micrometastases  from  the  original 

35  primary  tumor,  (c)  There  was  a  huge  and  expanding  clinical  experience  with 

36  tamoxifen  as  a  long-term  treatment  for  node-positive  and  node -negative  breast 

37  cancer.  The  later  point  was  important  as  the  majority  of  patients  with  estrogen 

38  receptor  (ER)-positive  node-negative  breast  cancers  are  cured  by  surgery  (plus 

39  radiation)  alone,  so  5  years  of  adjuvant  tamoxifen  was  essentially  already  being 

40  used  in  the  majority  of  these  cured  “well  women”  [4,  5]. 

41  In  this  chapter,  the  changing  fashions  in  endocrine  chemoprevention  will  be 

42  described.  The  change  in  fashion  occurred  because  of  significant  advances  in  our 

43  understanding  of  the  pharmacology  of  the  drug  group  called  the  “nonsteroidal 

44  antiestrogens”  [6]  that  underwent  a  metamorphosis  in  the  mid-1980s  [7]  to  become 

45  the  new  drug  group  called  the  selective  ER  modulators  (SERMs)  [8, 9].  See  Chap.  5. 


46  The  Link  Between  Estrogen  and  Breast  Cancer 

47  The  topic  has  recently  been  reviewed  [10]  in  the  refereed  research  literature  so  only 

48  essential  facts  will  be  considered  here.  The  link  between  estrogen  action  for  breast 

49  cancer  growth  of  the  original  tumor,  ER,  and  5  years  of  adjuvant  tamoxifen  therapy 

50  to  block  tumor  growth  is  compelling  and  proven  in  randomized  clinical  trials 

51  [11].  The  findings  can  be  simply  summarized:  breast  tumors  that  are  ER  negative 

52  do  not  respond  to  tamoxifen  treatment,  tamoxifen  dramatically  reduces  recurrence 

53  and  mortality  during  5  years  of  treatment  for  patients  with  ER-positive  breast  cancer, 

54  and  this  is  maintained  for  at  least  15  years  following  completion  of  therapy  (see 

55  Chap.  4).  Tamoxifen  reduces  the  incidence  of  contralateral  breast  cancer  by  50  % 

56  and  this  is  sustained,  but  tamoxifen  also  increases  the  incidence  of  endometrial 

57  cancer  in  postmenopausal  women  (and  mortality).  The  negative  actions  of  adjuvant 

58  tamoxifen,  such  as  deaths  from  endometrial  cancer  or  thromboembolic  disease,  do 

59  not  affect  the  overall  benefit  of  treatment  [11],  but  do  impact  on  the  use  of  tamoxifen 

60  for  chemoprevention.  Profound  target  site- specific  actions  of  tamoxifen  on  the 

61  uterus  in  the  recent  overview  [11]  recapitulate  and  confirm  the  translational  research 

62  with  tamoxifen  completed  in  the  1980s  [12,  13]  with  the  recognition  of  a  small  but 

63  significant  increase  in  the  incidence  of  endometrial  cancer  in  postmenopausal 

64  women  treated  with  tamoxifen.  This  finding  eventually  resulted  in  the  paradigm 

65  shift  away  from  tamoxifen  to  new  opportunities,  but  this  advances  our  story  too 

66  quickly.  In  the  1980s,  tamoxifen  was  the  only  medicine  available  for  testing 

67  therapeutic  and  chemopreventive  strategies  with  SERMs  in  the  1990s.  The  clinical 

68  community  advanced  with  a  responsibility  to  weigh  risks  and  benefits  in  clinical 

69  trials  to  ensure  the  safety  and  long-term  health  of  women  at  risk  for  breast  cancer. 

70  The  treatment  trials  database  and  translational  research  were  essential  to  address 

71  the  hypothesis  that  tamoxifen,  a  nonsteroidal  antiestrogen,  could  effectively  block 
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Selective  Action  of  Tamoxifen 


Fig.  7.1  Selective  action  of  tamoxifen  in  target  tissues.  Tamoxifen  is  a  SERM  and  has 
antiestrogenic  action  in  the  breast,  but  estrogenic  properties  in  the  bone,  endometrium 

the  genesis  and  growth  of  ER-positive  breast  cancer  but  would  be  ineffective  against 
the  growth  of  ER-negative  disease.  Nevertheless  in  the  1980s,  estrogen  was  also 
considered  to  be  an  essential  component  of  women’s  health  by  maintaining  bone 
density  and  preventing  coronary  heart  disease.  Thus,  if  tamoxifen,  an  antiestrogen, 
prevented  the  development  and  growth  of  ER-positive  breast  cancer  in  half  a  dozen 
high-risk  women  per  year  per  thousand  [14],  hundreds  of  other  women  in  the 
selected  population  might  subsequently  develop  osteoporosis  and  coronary  heart 
disease.  The  intervention  with  tamoxifen  would  be  detrimental  to  public  health.  The 
good  news  was  tamoxifen  was  not  an  antiestrogen  everywhere;  it  was  the  lead 
compound  of  the  drug  group  that  selectively  modulated  ER  target  tissues  around 
the  body  (Fig.  7.1).  The  original  work  (described  in  Chap.  5)  to  investigate  the  target 
site  pharmacology  of  tamoxifen  in  the  laboratory  was  to  provide  a  database  with 
which  to  predict  clinical  outcomes  and  safety  for  future  chemoprevention  trials.  This 
discovery  ultimately  facilitated  the  development  of  a  new  strategy  for  the  utilization 
of  new  SERMs  as  chemopreventives  in  breast  cancer. 
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The  expanding  literature  on  the  prevention  of  rodent  mammary  cancer  was  used  to  88 
support  the  clinical  use  of  tamoxifen  to  prevent  breast  cancer.  As  mentioned  earlier,  89 
Lacassagne  predicted  that  a  therapeutic  intervention  could  be  developed  that  would  90 
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91  “prevent  or  antagonize  the  congestion  of  estrone  in  the  breast.”  Unfortunately,  no 

92  therapeutic  agent  was  available  and  all  his  predictions  were  based  upon  the  known 

93  effect  of  early  oophorectomy  on  the  development  of  mammary  cancer  in  high- 

94  incidence  strains  of  mice  [1].  Clearly,  the  indiscriminate  oophorectomy  of  young 

95  women  would  be  an  inappropriate  intervention.  The  animal  studies  with  tamoxifen 

96  were  undertaken  for  two  reasons:  first,  to  establish  the  efficacy  of  tamoxifen  in 

97  well-described  models  of  carcinogenesis  and,  second,  to  discover  whether  tamox- 

98  ifen  would  always  be  an  inhibitor  or  whether  the  drug  would  ever  exacerbate 

99  tumorigenesis.  Two  animal  model  systems  were  used  extensively:  the  carcinogen- 

100  induced  rat  mammary  carcinoma  model  and  mouse  mammary  tumor  virus 

101  (MMTV)-infected  strains  of  mice. 

102  The  mammary  carcinogens  7, 12-dimethylbenz [a] anthracene  (DMBA)  [15]  and 

103  N-nitrosomethylurea  (NMU)  [16]  induce  tumors  in  young  female  rats.  The  timing 

104  of  the  carcinogenic  insult  is  very  important,  because  as  the  animals  age  they 

105  become  resistant  to  the  mammary  carcinogens.  Tumorigenesis  does  not  occur  in 

106  oophorectomized  animals,  and  the  sooner  oophorectomy  is  performed  after  the 

107  carcinogenic  insult,  the  more  effective  it  is  in  preventing  the  development  of 

108  tumors  [17]. 

109  The  administration  of  tamoxifen  to  carcinogen-treated  rats  prevents  the  initia- 

110  tion  of  carcinogenesis,  and  animals  remain  tumor-free  [18,  19].  The  short-term 
in  administration  of  tamoxifen  at  different  times  after  the  carcinogenic  insult  is 

112  effective  in  reducing  the  number  of  tumors  that  develop  [20,  21],  although  most 

113  animals  develop  at  least  one  tumor  after  therapy  is  stopped. 

114  Continuous  tamoxifen  therapy  that  is  started  at  1  month  after  the  administration 

115  of  carcinogens  completely  inhibits  the  appearance  of  mammary  tumors  [22,  23]. 

116  Under  these  circumstances,  tamoxifen  is  preventing  promotion  and  suppressing  the 

117  appearance  of  occult  disease.  In  fact,  if  treatment  is  stopped  prematurely  (i.e.,  a 

118  3^1-month  duration  of  therapy),  the  microfoci  of  transformed  cells  grow  into 

119  palpable  tumors.  Because  the  timing  of  initiation  in  human  breast  cancer  is 

120  unknown,  and  unlike  the  laboratory  model  not  all  women  will  develop  tumors, 

121  tamoxifen  will  be  given  to  target  populations  to  suppress,  and  there  is  expectation 

122  that  this  will  reverse  the  promotional  effects  of  estrogen  during  carcinogenesis. 

123  Lacassagne  performed  his  pioneering  mammary  tumor  experiments  linking  estro- 

124  gen  with  carcinogens  in  the  high-risk  mouse  [24],  so  this  was  another  model  to  use. 

125  Until  1989,  there  was  a  paucity  of  information  about  the  efficacy  of  tamoxifen  to 

126  inhibit  mouse  mammary  tumorigenesis.  This  was  tme  in  part  because  tamoxifen  is 

127  estrogenic  in  short-term  tests  in  oophorectomized  [25]  and  immature  mice  [26]. 

1 28  However,  the  finding  that  long-term  tamoxifen  therapy  renders  the  oophorectomized 

129  mouse  vagina  [27]  and  athymic  mouse  uterus  [12]  refractory  to  estrogenic  stimuli 

130  prompted  a  reconsideration  of  the  value  of  tamoxifen  as  a  preventive  in  mouse 

131  mammary  tumor  models. 

132  High-incidence  strains  of  mice  that  develop  mammary  tumors  are  infected  with 

1 33  MMTV,  which  is  transferred  to  the  offspring  in  the  mothers’  milk  [28] .  Tumorigenesis 

134  appears  to  be  ovarian  dependent,  because  the  highest  incidence  of  tumors  appears  in 

135  females,  and  tumorigenesis  can  be  delayed  or  prevented  depending  upon  the  age  at 
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oophorectomy  [29].  Steroid  hormones  activate  the  pro-viral  MMTV  [30],  which 
in  turn  can  initiate  an  increase  in  growth  factors  from  the  viral  integration  site 
Int.  2  [31].  Promotion  of  the  initiated  cells  with  steroid  hormones  and  prolactin  then 
completes  tumorigenesis. 

Long-term  tamoxifen  therapy,  after  an  early  cycle  of  pregnancy  and  weaning  to 
facilitate  early  tumorigenesis,  is  equivalent  to  an  ovariectomy  performed  at 
4  months  in  reducing  tumorigenesis  to  50  %  at  14  months  of  age.  However, 
tamoxifen  is  superior  to  oophorectomy,  even  after  therapy  is  stopped,  because 
ovariectomized  animals  continue  to  develop  tumors,  whereas  animals  previously 
treated  with  tamoxifen  do  not  develop  any  more  tumors  [32]. 

We  followed  up  on  initial  observations  with  an  investigation  of  tumorigenesis  in 
virgin  mice.  In  this  study  design,  mice  develop  mammary  tumors  during  their 
second  year  of  life.  Again,  long-term  tamoxifen  therapy  started  at  3  months  of 
age  is  superior  to  oophorectomy  at  3  months.  Fifty  percent  of  the  oophorectomized 
animals  develop  tumors  by  the  third  year  of  life,  whereas  90  %  of  tamoxifen-treated 
mice  remain  tumor-free  [33].  These  studies  are  illustrated  in  Fig.  7.2. 

Overall,  the  results  of  the  studies  in  the  mouse  model  are  particularly  interesting 
because  they  changed  our  view  of  the  interspecies  pharmacology  of  tamoxifen. 
Long-term  treatment  with  tamoxifen  results  in  an  initial  classification  of  tamoxifen 
as  an  estrogen,  but  within  a  few  weeks  the  pharmacology  changes  and  tamoxifen 
becomes  an  antiestrogen.  An  understanding  of  this  process  was  seen  to  have 
important  implications  for  the  long-term  use  of  tamoxifen  as  an  adjuvant  therapy 
and  a  preventive. 


Tamoxifen:  The  First  SERM  for  the  Prevention  of  Breast 
Cancer  in  High-Risk  Populations 

Forty  years  ago,  tamoxifen  was  shown  to  prevent  the  induction  [18]  and  promotion 
[20]  of  carcinogen-induced  mammary  cancer  in  rats.  Similarly,  tamoxifen  was  also 
shown  to  prevent  the  development  of  mammary  cancer  induced  by  ionizing  radia¬ 
tion  in  rats  [34].  These  laboratory  observations,  coupled  with  the  emerging  prelimi¬ 
nary  clinical  observation  that  adjuvant  tamoxifen  could  prevent  contralateral  breast 
cancer  in  women  [35],  provided  a  rationale  for  Dr.  Trevor  Powles,  who,  in  1986, 
established  the  vanguard  study  at  the  Royal  Marsden  Hospital  in  England  to  test 
whether  tamoxifen  could  prevent  breast  cancer  in  high-risk  women  [36]. 

During  the  1990s,  much  progress  was  achieved  to  answer  the  question:  “Does 
tamoxifen  have  worth  in  the  prevention  of  breast  cancer  in  select  high-risk 
women?”  The  results  of  four  international  trials  that  address  this  question — the 
Royal  Marsden  study,  the  NSAB P/NCI  study,  the  Italian  study,  and  the  IBIS  trial — 
have  been  reported.  These  data  will  be  presented  in  detail  as  well  as  their 
subsequent  updates  in  the  past  decade.  A  summary  of  trial  characteristics  and 
findings  are  presented  in  Table  7.1. 
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7  Chemoprevention:  Cinderella  Waiting  for  the  Ball 


Fig.  7.2  The  ability  of  long¬ 
term  tamoxifen  treatment  or 
ovariectomy  on  the 
development  of  the 
mammary  tumors  in  virgin 
C3H/OUJ  mice.  Long-term 
tamoxifen  therapy  is  more 
effective  as  a 
chemopreventive  than 
ovariectomy 


tl.1  Table  7.1  Comparison  of  the  characteristics  of  various  breast  cancer  treatment  trials 


tl  .2 

Characteristic 

NSABP 

Royal  Marsden 

Italian 

IBIS 

tl  .3 

Sample  size 

13,388 

2,471 

5,408 

7,152 

tl  .4 

Women  years  of  follow-up 

46,858 

12,355 

5,408 

29,800 

tl  .5 

tl  .6 

Participants  <50 

Breast  cancer  incidence  per  1,000 

40% 

62% 

36% 

52% 

tl  .7 

Placebo 

6.7 

5.5 

2.3 

6.7 

tl  .8 

Tamoxifen 

3.4 

4.7 

2.1 

4.7 

176  Royal  Marsden  Study 

177  Powles  and  coworkers  recruited  2,484  women  aged  30-70  to  a  placebo-controlled 

178  trial  using  20  mg  of  tamoxifen  daily  for  up  to  8  years.  Women  were  eligible  if  their 

179  risk  of  breast  cancer  was  increased  due  to  family  history.  Each  participant  had  at 

180  least  one  first-degree  relative  with  breast  cancer  under  age  50;  or  a  first-degree 

181  relative  affected  at  any  age,  plus  an  additional  affected  first-  or  second-degree 

182  relative;  or  a  first-degree  relative  with  bilateral  breast  cancer.  Women  with  a  history 

183  of  benign  breast  biopsy  and  an  affected  first-degree  relative  of  any  age  were  also 

184  eligible.  Women  with  a  history  of  venous  thrombosis,  any  previous  malignancy,  or 

185  an  estimated  life  expectancy  of  fewer  than  10  years  were  excluded  [37,  38].  A  total 

186  of  2,494  women  consented  to  participate  in  the  study,  and  23  were  excluded  from 

187  final  analysis  due  to  the  presence  of  preexisting  ductal  carcinoma  in  situ  (DCIS)  or 

188  invasive  breast  carcinoma  [38].  The  trial  was  undertaken  to  evaluate  the  problems 

189  of  accrual,  acute  symptomatic  toxicity,  compliance,  and  safety  as  a  basis  for 

190  subsequent  large  national,  multicenter  trials  designed  to  test  whether  tamoxifen 

191  can  prevent  breast  cancer.  However,  the  trial  has  also  been  analyzed  for  breast 

192  cancer  incidence  [38]. 
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Acute  symptomatic  toxicity  was  low  for  participants  on  tamoxifen  or  placebo, 
and  compliance  remained  correspondingly  high:  77  %  of  women  on  tamoxifen  and 
82  %  of  women  on  placebo  remained  on  medication  at  5  years,  as  predicted.  There 
was  a  significant  increase  in  hot  flashes  (34  %  vs.  20  %),  mostly  in  premenopausal 
women  (P  <  0.005);  vaginal  discharge  (16%  vs.  4%;P<  0.005);  and  menstrual 
irregularities  (14  %  vs.  9  %;  P  <  0.005),  respectively.  At  the  most  recent  follow-up, 
320  women  had  discontinued  tamoxifen  and  176  had  discontinued  placebo  prior  to 
the  study’s  completion  (P  <  0.005). 

Until  their  report  in  1994  [37],  the  Marsden  group  observed  no  thromboembolic 
episodes;  a  detailed  analysis  of  other  coagulation  parameters  in  a  sequential  subset 
of  women  also  found  no  significant  changes  in  protein  S,  protein  C,  or  cross-linked 
fibrinogen  degradation  products.  At  70  months,  no  significant  difference  in  the 
incidence  of  deep  vein  thrombosis  or  pulmonary  embolism  was  observed  between 
groups.  A  significant  fall  in  total  plasma  cholesterol  occurred  within  3  months  and 
was  sustained  over  5  years  of  treatment  [39^-1].  The  decrease  affected  low-density 
lipoprotein,  with  no  change  in  apolipoproteins  A  and  B  or  high-density  lipoprotein 
cholesterol. 

In  contrast,  tamoxifen  exerted  antiestrogenic  or  estrogenic  effects  on  bone 
density,  depending  on  menopausal  status.  In  premenopausal  women,  early  findings 
demonstrated  a  small  but  significant  (P  <  0.05)  loss  of  bone  in  both  the  lumbar 
spine  and  hip  at  3  years  [41].  In  contrast,  postmenopausal  women  had  increased 
bone  mineral  density  in  the  spine  (P  <  0.005)  and  hip  (P  <  0.001)  compared  to 
nontreated  women. 

Finally,  the  Marsden  group  made  an  extensive  study  of  gynecological 
complications  associated  with  tamoxifen  treatment  in  healthy  women.  Since  ovar¬ 
ian  and  uterine  assessment  by  transvaginal  ultrasound  became  available  sometime 
after  the  trial’s  start,  many  subjects  did  not  have  a  baseline  evaluation.  Ovarian 
screening  demonstrated  a  significantly  increased  risk  (P  <  0.005)  of  detecting 
benign  ovarian  cysts  in  premenopausal  women  who  had  received  tamoxifen  for 
more  than  3  months  compared  to  controls.  There  were  no  changes  in  ovarian 
appearance  in  postmenopausal  women  [37].  A  careful  examination  of  the  uterus 
with  transvaginal  ultrasonography  using  color  Doppler  imaging  in  women  taking 
tamoxifen  showed  that  the  organ  was  usually  larger;  moreover,  women  with 
histological  abnormalities  had  significantly  thicker  endometria  [42].  Of  particular 
interest  in  this  regard  was  the  observation  that  20  mg  of  tamoxifen  daily  exerted  a 
time-dependent  proliferation  of  the  endometrium  in  premenopausal  and  early 
postmenopausal  women.  This  effect  appeared  to  be  mediated  by  the  stromal 
component,  since  no  cases  of  cancer  or  even  epithelial  hyperplasia  were  observed 
among  the  tamoxifen-treated  group  in  the  Italian  study  with  33  women  [43]. 

Although  the  vanguard  study  has  provided  invaluable  information  about  the 
biological  effects  of  tamoxifen  in  healthy  women,  the  trial  was  not  designed  to 
answer  the  question  of  whether  tamoxifen  prevents  breast  cancer.  In  spite  of  this,  an 
analysis  of  breast  cancer  incidence  was  reported  at  a  median  follow-up  of  70  months, 
when  42  %  of  the  participants  had  completed  therapy  or  withdrawn  [38].  During  the 
study,  336  women  on  tamoxifen  and  305  on  placebo  received  hormone -replacement 
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Fig.  7.3  The  study  design 
for  the  NSABP/NCI  P-1  trial. 
On  the  left  are  the  risk 


To  Determine  the  Worth  of  Tamoxifen 
For  Preventing  Breast  Cancer 


NSABP  (P-1)/  NC!  STUDY 


factors,  according  to  the  Gail 
model  of  breast  cancer  risk 
assessment  based  on  which 
the  participants  of  the  study 
were  selected 


>60  years  old  -  with/without  risk  factors 
35-59  years  old  -  with  risk  factors 


Potential 

Participants 


Placebo 


*  LCIS 

*  relative  with  breast  cancer 

*  Breast  Biopsy 

*  Atypical  hyperplasia 

*  >  25  years  1st  child 

*  No  children 

*  Menart  he  before  age  12 


RANDOMIZE 
13,300  women 


Tamoxifen 
20  mg/daily 
5  years 


238  therapy.  No  difference  in  the  incidence  of  breast  cancer  was  observed  between  the 

239  groups.  There  were  34  carcinomas  in  the  tamoxifen  group  and  36  in  the  placebo 

240  group-a  relative  risk  of  1 .06.  Of  the  70  cancers,  only  8  were  ductal  carcinoma  in  situ. 

241  An  analysis  of  the  subset  of  women  on  hormone-replacement  therapy  did  not 

242  demonstrate  an  interaction  with  tamoxifen  treatment. 


NSABP/NCI  P-1  Study 


243 


244  This  study  opened  in  the  United  States  and  Canada  in  May  of  1992  with  an  accrual 

245  goal  of  16,000  women  to  be  recruited  at  100  North  American  sites.  It  closed  after 

246  accruing  13,338  in  1997  due  to  the  high-risk  status  of  the  participants.  The  study 

247  design  is  illustrated  in  Fig.  7.3.  Those  eligible  for  entry  included  any  woman  over 

248  the  age  of  60  or  women  between  the  ages  of  35  and  59  whose  5 -year  risk  of 

249  developing  breast  cancer,  as  predicted  by  the  Gail  model  [14],  was  equal  to  that 

250  of  a  60-year-old  woman.  Additionally,  any  woman  over  age  35  with  a  diagnosis  of 

251  lobular  carcinoma  in  situ  (LCIS)  treated  by  biopsy  alone  was  eligible  for  entry  to 

252  the  study.  In  the  absence  of  LCIS,  the  risk  factors  necessary  to  enter  the  study  varied 

253  with  age,  such  that  a  35-year-old  woman  must  have  had  a  relative  risk  (RR)  of  5.07, 

254  whereas  the  required  RR  for  a  45-year-old  woman  was  1.79.  Routine  endometrial 

255  biopsies  to  evaluate  the  incidence  of  endometrial  carcinoma  in  both  arms  of  the 

256  study  were  also  performed. 

257  The  breast  cancer  risk  of  women  enrolled  in  the  study  was  extremely  high,  with 

258  no  age  group  having  an  RR  of  less  than  4 — including  the  over-60s  group.  Recruit- 

259  ment  was  also  balanced,  with  about  one-third  younger  than  50  years,  one-third 

260  between  50  and  60  years,  and  one-third  older  than  60  years.  Secondary  end  points  of 

261  the  study  included  the  effect  of  tamoxifen  on  the  incidence  of  fractures  and 

262  cardiovascular  deaths.  Most  importantly,  the  study  planned  to  provide  the  first 

263  information  about  the  role  of  genetic  markers  in  the  etiology  of  breast  cancer. 

264  It  was  hoped  to  establish  whether  tamoxifen  has  a  role  to  play  in  the  treatment  of 
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women  who  are  found  to  carry  somatic  mutations  in  the  BRCA-1  gene.  This  did  not 
occur  as  the  number  of  patients  with  BRCA-1/2  mutations  was  not  significant  in  the 
population  [44]. 

The  first  results  of  the  NSABP  study  were  reported  in  September  1998,  after  a 
mean  follow-up  of  47.7  months  [45].  There  were  a  total  of  368  invasive  and 
noninvasive  breast  cancers  in  the  participants:  124  in  the  tamoxifen  group  and 
224  in  the  placebo  group.  A  49  %  reduction  in  the  risk  of  invasive  breast  cancer  was 
seen  in  the  tamoxifen  group,  and  a  50  %  reduction  in  the  risk  of  noninvasive  breast 
cancer  was  observed.  A  subset  analysis  of  women  at  risk  due  to  a  diagnosis  of  LCIS 
demonstrated  a  56  %  reduction  in  this  group.  The  most  dramatic  reduction  was  seen 
in  women  at  risk  due  to  atypical  hyperplasia,  where  risk  was  reduced  by  86  %. 

The  benefits  of  tamoxifen  were  observed  in  all  age  groups,  with  a  relative  risk  of 
breast  cancer  ranging  from  0.45  in  women  aged  60  and  older  to  0.49  for  those  in  the 
50-  through  59-year-old  age  group,  and  0.56  for  women  aged  49  and  younger.  A 
benefit  for  tamoxifen  was  also  observed  for  women  with  all  levels  of  breast  cancer 
risk  within  the  study,  indicating  that  the  benefits  of  tamoxifen  are  not  confined  to  a 
particular  lower  risk  or  higher  risk  subset.  Benefits  were  observed  in  women  at  risk 
on  the  basis  of  family  history  and  those  whose  risk  was  due  to  other  factors. 

As  expected,  the  effect  of  tamoxifen  occurred  on  the  incidence  of  ER-positive 
tumors,  which  were  reduced  by  69  %  per  year.  The  rate  of  ER-negative  tumors  in 
the  tamoxifen  group  (1.46  per  1,000  women)  did  not  significantly  differ  from  the 
placebo  group  (1.20  per  1,000  women).  Tamoxifen  reduced  the  rate  of  invasive 
cancers  of  all  sizes,  but  the  greatest  difference  between  the  groups  was  the  inci¬ 
dence  of  tumors  2.0  cm  or  less.  Tamoxifen  also  reduced  the  incidence  of  both  node¬ 
positive  and  node-negative  breast  cancer.  The  beneficial  effects  of  tamoxifen  were 
observed  for  each  year  of  follow-up  in  the  study.  After  year  1 ,  the  risk  was  reduced 
by  33  %  and,  in  year  5,  by  69  %. 

Tamoxifen  also  reduced  the  incidence  of  osteoporotic  fractures  of  the  hip,  spine, 
and  radius  by  19  %.  However,  the  difference  approached,  but  did  not  reach, 
statistical  significance.  This  reduction  was  greatest  in  women  aged  50  and  older 
at  study  entry.  No  difference  in  the  risk  of  myocardial  infarction,  angina,  coronary 
artery  bypass  grafting,  or  angioplasty  was  noted  between  groups. 

The  study  confirmed  the  association  between  tamoxifen  and  endometrial  carci¬ 
noma  (Figs.  7.4  and  7.5).  The  relative  risk  of  endometrial  cancer  in  the  tamoxifen 
group  was  2.5.  The  increased  risk  was  seen  in  women  aged  50  and  older,  whose 
relative  risk  was  4.01  (Fig.  7.5).  There  was  no  significance  in  the  incidence  of 
endometrial  carcinoma  in  tamoxifen-  or  placebo-treated  premenopausal  women. 
All  endometrial  cancers  in  the  tamoxifen  group  were  grade  1  and  none  of  the 
women  on  tamoxifen  died  of  endometrial  cancer.  There  was  1  endometrial  cancer 
death  in  the  placebo  group.  Although  there  is  no  doubt  that  tamoxifen  increases  the 
risk  of  endometrial  cancer,  it  is  important  to  recognize  that  this  increase  translates 
to  an  incidence  of  2.3  women  per  1,000  per  year  who  develop  endometrial  carci¬ 
noma.  More  women  in  the  tamoxifen  group  developed  deep  vein  thrombosis  (DVT) 
than  in  the  placebo  group  (Fig.  7.6).  Again,  this  excess  risk  was  confined  to  women 
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NSABP  (6500/6576)  IBIS-1  {3575/3579) 


Royal  Marsden 


Fig.  7.4  The  correlation  between  the  increase  in  endometrial  carcinoma  incidence  and  tamoxifen 
treatment.  In  all  three  clinical  trials  show  an  increase  in  the  incidence  of  endometrial  carcinomas  in 
tamoxifen-treated  cohorts 

NSABP  (6599/6576)  IBIS-1  (3575/3579) 


<50 


>50 


<50 


>50 


Fig.  7.5  The  correlation  between  increase  of  endometrial  carcinoma  incidence  and  the  age  of  the 
patient.  The  results  of  all  three  clinical  trials  showed  that  the  increase  in  endometrial  carcinoma 
significant  incidence  occurred  in  postmenopausal  patients  (>50  years  of  age)  treated  with  tamoxi¬ 
fen  in  comparison  to  premenopausal  patients  (<50  years  of  age) 


NSABP  6599/6576 

70 


70 


IBIS-1  (3575/3579) 

64 


Royal  Marsden 
(1233/1238) 


Fig.  7.6  Incidence  of  deep  vein  thrombosis  (DVT)  is  significantly  increased  in  tamoxifen-treated 
patients 


309  aged  50  and  older.  The  relative  risk  of  DVT  in  the  older  age  group  was  1.71.  (95  % 

310  Cl  0.85-3.58).  An  increase  in  pulmonary  emboli  was  also  seen  in  the  older  women 

311  taking  tamoxifen,  with  a  relative  risk  of  approximately  3  (Fig.  7.7).  Three  deaths 
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NSABP  (6599/6576) 


IBIS-1 (3575/3579) 


44 


Tamoxifen 


Royal  Marsden 
(1233/1238) 


NONE 

REPORTED 


Fig.  7.7  Incidence  of  pulmonary  embolism  is  increased  in  tamoxifen-treated  patients.  Observed 
in  NSAB P/P-1  and  IBIS  trials,  but  none  were  reported  in  the  Royal  Marsden  trials 

from  pulmonary  emboli  occurred  in  the  tamoxifen  arm,  but  all  were  in  women  with  312 
significant  comorbidities.  An  increased  incidence  of  stroke  (RR  1.75)  was  also  seen  313 
in  the  tamoxifen  group,  but  this  did  not  reach  statistical  significance.  314 

An  assessment  of  the  incidence  of  cataract  formation  was  made  using  patient  315 
self-report.  A  small  increase  in  cataracts  was  noted  in  the  tamoxifen  group — a  rate  316 
of  24.8  women  per  1,000  compared  to  21.7  in  the  placebo  group.  There  was  also  an  317 
increased  risk  of  cataract  surgery  in  the  women  on  tamoxifen.  These  differences  318 
were  marginally,  statistically  significant,  and  observed  in  the  older  patients  in  the  319 
study.  This  finding  emphasizes  the  ocular  safety  of  tamoxifen  first  predicted  by  320 
Harper  and  Walpole  in  the  1960s  [25],  but  as  will  be  seen  in  Chap.  8,  raloxifene  321 
does  not  have  this  effect.  These  findings  emphasize  the  need  to  assess  the  patient’s  322 
overall  health  status  before  making  a  decision  to  use  tamoxifen  for  breast  cancer  323 
risk  reduction.  324 

An  assessment  of  quality  of  life  showed  no  difference  in  depression  scores  325 
between  groups  [46] .  Hot  flashes  were  noted  in  8 1  %  of  the  women  on  tamoxifen  326 
compared  to  69  %  of  the  placebo  group,  and  the  tamoxifen-associated  hot  flashes  327 
appeared  to  be  of  greater  severity  than  those  in  the  placebo  group.  Moderately  328 
bothersome  or  severe  vaginal  discharge  was  reported  by  29  %  of  the  women  in  329 
tamoxifen  group  and  13  %  in  the  placebo  group  [47].  No  differences  in  the  330 
occurrence  of  irregular  menses,  nausea,  fluid  retention,  skin  changes,  or  weight  331 
gain  or  loss  were  reported.  332 


Italian  Study  333 

The  third  tamoxifen  prevention  study,  performed  in  Italy,  began  in  October  1992  334 
and  randomized  5,408  women  aged  35-70  to  20  mg  of  tamoxifen  daily  for  5  years  335 
[48].  Women  were  required  to  have  had  a  hysterectomy  for  a  nonneoplastic  336 
condition  to  obviate  concerns  about  an  increased  risk  of  endometrial  carcinoma.  337 
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338  There  was  no  requirement  that  participants  be  at  risk  for  breast  cancer  development, 

339  and  in  fact,  those  who  underwent  premenopausal  oophorectomy  with  hysterectomy 

340  actually  had  a  slightly  reduced  risk  of  breast  cancer  development.  Women  with 

341  endometriosis,  cardiac  disease,  and  deep  venous  thrombosis  were  excluded  from 

342  the  study.  Although  5,408  women  were  randomized  into  this  study,  1,422  withdrew 

343  and  only  149  completed  5  years  of  treatment. 

344  The  incidence  of  breast  cancer  did  not  differ  between  groups,  with  19  cases  in 

345  the  tamoxifen  group  and  22  in  the  placebo  group.  Tumor  characteristics,  including 

346  size,  grade,  lymph  node  status,  and  receptor  status,  also  did  not  differ  between 

347  groups. 

348  The  incidence  of  thrombophlebitis  was  increased  in  the  tamoxifen  group.  A  total 

349  of  64  events  were  reported,  38  in  the  tamoxifen  group  and  18  in  the  placebo  group 

350  (P  =  0.0053).  However,  42  of  these  were  superficial  phlebitis. 

351  No  differences  in  the  incidence  of  cerebrovascular  ischemic  events  were 

352  observed  [48]. 

353  In  2003,  a  brief  communication  was  published  on  the  Italian  Study  that  also 

354  compared  the  effectiveness  of  tamoxifen  in  cohorts  of  women  who  were  using 

355  hormone -replacement  therapy  (HRT)  or  not.  The  results  showed  no  significant 

356  difference  between  women  taking  tamoxifen  or  placebo  in  women  who  never 

357  used  HRT  and  were  in  low-risk  group  (P  =  0.44),  and  among  women  in  the  same 

358  cohort  but  in  the  high-risk  group,  there  was  a  nonsignificant  difference  in  favor  of 

359  tamoxifen  (P  =  0.099).  In  the  cohort  of  women  that  have  used  HRT  during  the  trial 

360  and  were  in  the  low-risk  group,  there  was  also  no  statistically  significant  difference 

361  in  women  taking  tamoxifen  or  placebo  (P  =  0.3 1);  however,  in  the  high-risk  group 

362  there  was  a  significant  difference  in  favor  of  tamoxifen  (P  =  0.009). 


363  The  International  Breast  Cancer  Intervention  Study  (IBIS-I) 

364  The  IBIS-I  trial  was  a  double-blind  placebo-controlled  randomized  trial  of  tamoxi- 

365  fen  [49].  Women  at  high  risk  (7,152)  of  breast  cancer,  between  ages  of  35  and 

366  7  years  were  randomized  into  two  groups.  Women  were  randomized  either  into  the 

367  placebo  group  (3,574)  and  women  treated  with  20  mg  daily  tamoxifen  group 

368  (3,578).  A  total  of  13  patients  were  excluded  from  the  study,  and  the  remaining 

369  were  followed  up  for  5  years.  The  primary  outcome  measure  was  the  incidence  of 

370  breast  cancer.  After  a  median  50-month  follow-up,  69  breast  cancer  cases  were 

371  reported  in  the  5,378  women  group  treated  with  tamoxifen,  and  101  cases  in  the 

372  3,566  women  placebo  group,  thus  indicating  a  32  %  reduction  (P  =  0.013).  Endo- 

373  metrial  cancer  was  increased  not  significantly  (11  vs.  2,  P  =  0.2)  (Fig.  7.4),  and 

374  thromboembolic  events  were  significantly  increased  in  the  tamoxifen-treated  group 

375  (43  vs.  17,  P  =  0.001)  (Fig.  7.7).  Based  on  these  results,  the  authors  concluded 

376  that  preventive  administration  of  tamoxifen  is  contradicted  in  women  at  high  risk 

377  of  thromboembolic  disease.  Tamoxifen  should  be  stopped  as  an  antithrombotic 
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measure  after  surgeries  or  immobilization.  However,  tamoxifen  does  reduce  the 
incidence  of  breast  cancer  by  about  a  third,  and  non-breast-cancer  causes  of  death 
are  not  increased  by  tamoxifen  [49] . 


Follow-Up  of  Chemoprevention  Studies  with  Tamoxifen 

The  main  result  from  all  the  studies  is  that  once  tamoxifen  is  stopped,  the  antitumor 
effects  sustained,  systemic  symptomology  disappears,  but  the  major  side  effect  of 
an  increase  in  endometrial  cancer  continues  to  accumulate  in  postmenopausal 
women  [50-52].  Again  it  is  tempting  to  speculate  that  the  nascent  breast  cancer 
have  been  altered  to  survive  in  an  environment  of  continuous  tamoxifen,  acquired 
resistance  evolves,  and  then  a  woman’s  own  estrogen  causes  apoptosis  and 
tumoricidal  actions  in  the  “prepared”  breast  cancer  cells  after  tamoxifen  is  stopped. 
This  concept  is  discussed  in  detail  in  Chap.  9. 

Tamoxifen  again  became  a  pioneering  medicine  but  this  time  as  the  first  drug  to 
be  FDA  approved  to  reduce  the  risk  of  developing  cancer,  specifically  ER-positive 
breast  cancer.  However,  the  translational  research  on  endometrial  cancer  risk  with 
tamoxifen  [12,  53]  demanded  a  safer  solution  to  chemoprevention  with  SERMs.  A 
strategy  was  already  in  place  (Chap.  5)  to  move  forward  the  first  SERM  to  prevent 
osteoporosis  and  prevent  breast  cancer  at  the  same  time  without  the  risk  of 
endometrial  cancer  being  increased.  Keoxifene,  the  failed  breast  cancer  drug, 
became  raloxifene. 


Two  Approaches  to  the  Chemoprevention  of  Breast  Cancer 

The  successful  clinical  completion  of  the  chemoprevention  studies  in  women  at 
high  risk  of  developing  breast  cancer  during  the  late  1990s  resulted  in  FDA 
approval  of  tamoxifen  for  risk  reduction  in  pre-  and  postmenopausal  women  in 
1998.  Despite  reservations  about  tamoxifen  and  its  toxicology  (Chap.  6)  for  che¬ 
moprevention,  the  drug  remains  a  cheap  and  lifesaving  drug  for  the  treatment  of 
breast  cancer  worldwide.  The  data  of  endometrial  cancer,  deep  vein  thrombosis, 
and  pulmonary  embolism  appear  mainly  in  postmenopausal  women  [50].  However, 
the  drug  has  both  efficacy  and  an  excellent  safety  profile  in  premenopausal  women. 

A  recent  review  of  the  literature  [54]  concluded  that  “the  risk  of  endometrial 
cancer,  deep  vein  thrombosis  and  pulmonary  embolism  is  low  in  women  <50  years 
who  take  tamoxifen  for  breast  cancer  prevention.  The  risk  decreases  from  the  active 
to  follow-up  phase  of  treatment.  Education  and  counseling  are  the  cornerstones  of 
breast  cancer  chemoprevention.” 

Nevertheless,  despite  the  safety  issues  being  low  in  premenopausal  women,  no 
other  country  has  approved  tamoxifen  for  chemoprevention  in  women  with  a  high 
risk  of  developing  breast  cancer. 
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415  Chemoprevention  of  breast  cancer  did,  however,  expanded  dramatically 

416  throughout  the  1990s  based  upon  the  laboratory  work  conducted  with  the  discovery 

417  of  selective  estrogenic  and  antiestrogenic  actions  of  estrogen  target  sites  around  the 

418  body.  This  work  at  the  Wisconsin  Clinical  Cancer  Center  (Chap.  5)  would  subse- 

419  quently  be  known  in  the  literature  as  selective  ER  modulation.  The  strategic  view 

420  described  earlier  (Chap.  5)  was  further  refined  to  create  a  roadmap  for  drug 

421  development  by  the  pharmaceutical  industry.  Simply  stated,  the  proposal  was  to 

422  develop  multifunctional  medicines  to  aim  at  reducing  the  morbidity  and  mortality 

423  of  a  major  disease  affecting  millions  of  women  after  menopause  but,  at  the  same 

424  time,  reducing  the  risk  of  breast  cancer.  In  1990,  this  proposal  was  published  in 

425  Cancer  Research,  the  flagship  journal  of  the  American  Association  for  Cancer 

426  Research  [7].  This  was  the  B.F.  Cain  Memorial  Lecture  for  laboratory  advances 

427  in  cancer  research  that  were  having  therapeutic  impact  in  clinical  applications  and 

428  refined  the  original  SERM  concept  (Chap.  5). 

429  We  have  obtained  valuable  clinical  information  about  this  group  of  drugs  that  can  be 

430  applied  in  other  disease  states.  Research  does  not  travel  in  straight  lines,  and  observations  in 

431  one  field  of  science  often  become  major  discoveries  in  another.  Important  clues  have  been 

432  garnered  about  the  effects  of  tamoxifen  on  bone  and  lipids;  it  is  possible  that  derivatives 

433  could  find  targeted  applications  to  retard  osteoporosis  or  atherosclerosis.  The  ubiquitous 

434  application  of  novel  compounds  to  prevent  diseases  associated  with  the  progressive 

435  changes  after  menopause  may,  as  a  side  effect,  significantly  retard  the  development  of 

436  breast  cancer.  The  target  population  would  be  postmenopausal  women  in  general,  thereby 

437  avoiding  the  requirement  to  select  a  high-risk  group  to  prevent  breast  cancer. 


438  Raloxifene:  Abandoned  and  Resurrected 

439  Raloxifene,  originally  called  keoxifene,  was  first  reported  by  scientists  at  Eli  Lilly, 

440  Indianapolis,  to  be  an  antiestrogen  with  a  high  affinity  for  the  estrogen  receptor 

441  (ER)  [55].  Much  like  its  earlier  analog,  LY1 17018,  raloxifene  has  only  mild 

442  estrogen-like  properties  in  the  uterus  [56]. In  fact,  at  very  high  doses,  LY1 17018 

443  can  even  block  the  antiuterotropic  effects  of  a  variety  of  steroidal  and  nonsteroidal 

444  compounds  in  the  rat  [57].  The  drug  has  antitumor  effects  in  the  rat,  but  is  less 

445  potent  than  tamoxifen  [23,  58].  Although  the  original  direction  for  raloxifene’s 

446  clinical  development  was  breast  cancer  therapy,  Eli  Lilly  chose  to  abandon  this 

447  approach  toward  the  end  of  the  1980s.  However,  the  discovery  that  raloxifene  might 

448  prevent  osteoporosis,  [59]  prevent  breast  cancer,  [23]  and,  at  the  same  time,  have 

449  minor  estrogen-like  effects  in  the  uterus  laid  the  foundation  for  the  subsequent 

450  confirmation  of  bone  data  in  animals  [56].  These  discoveries  also  led  to  the 

451  completion  of  clinical  trials  that  demonstrated  maintenance  of  bone  density  in 

452  postmenopausal  women  at  risk  for  osteoporosis  [60] . 

453  As  part  of  a  safety  profile  for  any  estrogen-like  drug  for  the  prevention  of 

454  osteoporosis,  raloxifene  had  to  be  evaluated  for  breast  safety.  To  this  end,  Eli 

455  Lilly  organized  an  independent  oncology  advisory  committee  to  adjudicate  all 

456  breast  cancers  diagnosed  in  the  randomized,  placebo-controlled  trials  for  the 
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Table  7.2  The  Raloxifene  Oncology  Advisory  Committee  formed  by  Eli  Lilly  t2.1 

The  Raloxifene  Oncology  Advisory  Committeea  t2.2 

Alberto  Costa,  M.D. — European  Institute  for  Oncology,  Milan  (Breast  Surgeon,  Co-PI  Italian 

Tamoxifen  Prevention  Trial)  t2.3 

V.  Craig  Jordan,  Ph.D.,  D  .Sc. — Northwestern  University  Medical  School,  Chicago  (Committee 

Chairperson)  t2.4 

Marc  E.  Lippman,  M.D. — Georgetown  University  Medical  School,  Washington  DC  (Director, 

Lombardi  Comprehensive  Cancer  Center)  t2.5 

Monica  Morrow,  M.D. — Northwestern  University  Medical  School,  Chicago  (Breast  Surgeon, 

Director,  Lynn  Sage  Breast  Cancer  Program)  t2.6 

Larry  Norton,  M.D. — Memorial  Sloan-Kettering  Cancer  Center,  New  York  (Head,  Division  of 

Oncology)  t2.7 

Trevor  J.  Powels,  FRCP,  Ph.D. — Royal  Marsden  Hospital,  London  (Medical  Oncologist,  PI 

Royal  Marsden,  Tamoxifen  Prevention  Study)  t2.8 

Responsible  for  the  evaluation  and  adjudication  of  breast  cancer  cases  in  the  10,533  patients  t2.9 
participating  in  randomized,  placebo-controlled  trials  to  prevent  osteoporosis 


prevention  of  osteoporosis.  The  committee  (Table  7.2)  was  assembled  to  provide  457 
expertise  in  diagnosis,  breast  cancer  prevention,  and  breast  medical  oncology.  458 
Committee  members  met  every  6  months  to  review  pathology,  mammograms,  459 
and  patient  records  to  determine  whether  disease  was  preexisting  at  the  time  of  460 
entry  to  the  trial  and  whether  the  cancer  was  invasive  or  noninvasive.  All  patients  461 
who  developed  breast  cancer  in  all  trials  were  adjudicated  blind,  and  the  results  462 
were  then  collated  and  analyzed  by  Biostatistician  Steven  Eckert  of  Eli  Lilly.  463 
The  pivotal  registration  trial  to  establish  the  efficacy  and  value  of  raloxifene  for  464 
the  treatment  and  prevention  of  osteoporosis  was  called  Multiple  Outcomes  of  465 
Raloxifene  Evaluation  (MORE)  [61].  The  MORE  trial  was  a  randomized  double-  466 
blind  trial  that  recruited  7,705  postmenopausal  women  (mean  age  66.5  years)  467 
with  osteoporosis  defined  as  prior  vertebral  fractures  or  femoral  neck  or  a  spine  T  468 
score  2.5SD  or  more  below  that  of  non-osteoporotic  women.  Participants  were  469 
randomized  to  placebo  or  two  raloxifene  treatment  groups:  60  or  120  mg  daily.  470 
Based  on  the  positive  results  from  the  MORE  trial,  raloxifene  is  currently  FDA  471 
approved  for  the  prevention  of  osteoporosis.  Raloxifene,  60  mg  daily,  produces  a  472 
1-2  %  increase  in  postmenopausal  bone  density — an  increase  equivalent  to  that  473 
noted  with  tamoxifen.  Raloxifene  also  reduces  fractures  by  about  30-40  %.  In  474 
addition,  raloxifene  is  also  approved  to  prevent  osteoporosis  in  Europe  and  in  more  475 
than  a  dozen  other  countries.  476 

As  part  of  the  evaluation  of  osteoporosis  in  the  MORE  trial,  there  were  several  477 
preplanned  additional  outcomes  measures:  histologically  confirmed  breast  cancer,  478 
transvaginal  ultrasonography  to  evaluate  uterine  effects  of  raloxifene  in  1,781  479 
randomly  chosen  participants,  and  an  assessment  of  DVT  and  pulmonary  embolism  480 
by  chart  review.  481 

The  MORE  trial,  analyzed  at  3  years  of  follow-up,  documented  27  cases  of  482 
breast  cancer  in  the  control  (2,576  women)  but  only  a  total  of  13  cases  in  these  483 
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484  treated  with  raloxifene  (5,129  women).  In  other  words,  126  women  would  need  to 

485  be  treated  to  prevent  osteoporosis  to  prevent  one  case  of  breast  cancer:  the  original 

486  hypothesis  and  roadmap  [7,  62]  was  valid  [63]! 

487  Most  importantly,  the  decrease  in  the  risk  of  breast  cancer  was  confined  to 

488  ER-positive  disease;  there  was  a  90  %  decrease  in  ER-positive  breast  cancer  but 

489  no  change  in  ER-negative  breast  cancer.  Unlike  previous  experience  with  tamoxi- 

490  fen  in  postmenopausal  women,  there  was  no  increase  in  the  risk  of  endometrial 

491  cancer  during  raloxifene  treatment.  However,  there  was  a  threefold  increase  in 

492  venous  thrombotic  disease  equivalent  to  that  reported  for  both  tamoxifen  and 

493  estrogen  in  postmenopausal  women.  It  is  recommended  that  raloxifene,  tamoxifen, 

494  or  estrogen  replacement  is  not  taken  by  women  with  a  history  of  thromboembolic 

495  disorders.  The  analysis  of  the  MORE  trail  for  breast  cancer  incidences  at  3  years 

496  was  confirmed  with  a  4  years  reanalysis  [64],  demonstrating  a  72  %  decrease  in  the 

497  incidence  of  invasive  breast  cancer  compared  to  placebo.  The  decision  was  made  to 

498  revise  and  extend  the  MORE  trial  with  Continuing  Outcomes  Relevant  to  Evista 

499  (CORE)  trial. 

500  During  the  8  years  of  the  MORE/CORE  trials,  the  incidence  of  invasive  breast 

501  cancer  and  ER-positive  breast  cancer  was  reduced  by  66  %  and  76  %  respectively 

502  with  no  increase  in  the  risk  of  endometrial  cancer  (P  <  0),  no  endometrial  hyper- 

503  plasia  (P  >  0.99),  and  no  vaginal  bleeding  (P  =  0.087). 

504  However,  the  fact  that  raloxifene  was  proven  to  reduce  the  risk  of  breast  cancer 

505  but  not  increase  the  risk  of  endometrial  cancer  mandated  that  tamoxifen  (the 

506  FDA-approved  standard  of  care)  and  raloxifene  must  be  tested  head  to  head  in 

507  postmenopausal  women  at  high  risk  for  the  prevention  of  breast  cancer. 

508  The  scene  was  now  set  for  the  NCI/NS AP  P-2  study  to  go  forward  in  high-risk 

509  postmenopausal  women  that  would  put  tamoxifen  versus  raloxifene  with  a  primary 

510  end  point:  the  prevention  of  breast  cancer.  No  placebo  arm  was  recruited  as  it  was 

51 1  considered  unethical  not  to  use  tamoxifen,  the  approved  drug  of  choice  known  to 

512  reduce  the  risk  of  breast  cancer  by  50  %. 

513  However,  wisely,  the  MORE  trial  was  simultaneously  extended  out  to  8  years  of 

514  raloxifene  treatment  for  women  at  risk  for  osteoporosis.  All  women  who 

515  volunteered  to  continue  on  raloxifene  (60  mg  daily)  had  previously  taken  either 

516  60  or  120  mg  raloxifene.  A  total  of  3,510  women  were  in  the  raloxifene  are 

517  compared  to  1,703  women  in  placebo  arm  [65].  During  the  CORE  trial  invasive 

518  breast  cancer  was  decreased  by  59  %  and  ER-positive  breast  cancer  by  66  % 

519  compared  to  placebo.  Overall,  for  the  continued  MORE/CORE  trial,  invasive  breast 

520  cancer  was  reduced  by  66  %  and  ER-positive  breast  cancer  by  76  %. 

521  Although  the  study  of  long-term  raloxifene  in  the  MORE/CORE  trail  was 

522  necessary  because  the  treatment  and  prevention  of  osteoporosis  requires  continuous 

523  treatment  (no  drug  benefit),  the  data  was  to  be  important  once  the  results  of  the 

524  STAR  trail  were  evaluated  (Chap.  8). 
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Conclusion  525 

In  the  20  years  between  the  1990s  and  2010,  not  one  but  two  agents  were  shown  to  526 
reduce  the  incidence  of  invasive  breast  cancer  in  postmenopausal  women  at  high  527 
risk  to  develop  the  disease.  Raloxifene  was  approved  for  the  prevention  of  osteo-  528 
porosis  in  high-risk  women  with  a  dramatic  reduction  in  the  incidence  of  breast  529 
cancer  as  a  beneficial  side  effect.  The  side  effect  of  endometrial  cancer  with  530 
tamoxifen  was  solved.  Overall,  a  triumph  for  translational  research,  the  creation  531 
of  a  roadmap  to  follow  and  a  new  drug  group  called  the  SERMs.  532 

Postscript.  The  first  study  that  I  ever  completed  and  presented  at  the  International  533 
Steroid  Hormone  Congress  in  Mexico  City  in  1974  was  on  the  prevention  of  rat  534 
mammary  carcinogenesis  with  tamoxifen.  Arthur  Walpole  and  I  had  previously  535 
discussed  the  results  and  we  both  appreciated  the  significance  of  the  data  for  536 
women’s  health.  But  the  idea  and  these  data  were  20  years  too  soon!  Tamoxifen  537 
was  not  even  FDA  approved  for  the  treatment  of  breast  cancer  until  December  538 
1977,  and  this  was  for  metastatic  breast  cancer.  There  was  a  long  way  to  go  before  539 
the  NCI  would  fund  Dr.  Fisher’s  NSABP  trial  and  it  would  start  in  1992.  Over  the  540 
years  our  Tamoxifen  Teams  provided  most  of  the  translational  information  about  541 
safety  (endometrial  cancer),  strategies  with  long-term  therapy  and  bone  safety.  The  542 
story  of  “who  did  what”  in  the  laboratory  at  Wisconsin  to  “set  the  scene”  for  the  543 
exploitation  of  SERMs  has  been  told  in  the  Postscript  to  Chap.  5.  544 


References  545 

1.  Lacassagne  A  (1936)  Hormonal  pathogenesis  of  adenocarcinoma  of  the  breast.  Am  J  Cancer  546 

27:217-225  547 

2.  Jordan  VC  (2003)  Tamoxifen:  a  most  unlikely  pioneering  medicine.  Nat  Rev  Drug  Discov  548 

2:205-213  549 

3.  Jordan  VC  (2006)  Tamoxifen  (1046,474)  as  a  targeted  therapy  to  treat  and  prevent  breast  550 

cancer.  Br  J  Pharmacol  147(Suppl  1):S269-S276  551 

4.  Scottish  Cancer  Trials  Office  (MRC),  Edinburgh  (1987)  Adjuvant  tamoxifen  in  the  manage-  552 

ment  of  operable  breast  cancer:  the  Scottish  Trial.  Report  from  the  Breast  Cancer  Trials  553 
Committee.  Lancet  2:171-175  554 

5.  Fisher  B,  Costantino  J,  Redmond  C  et  al  (1989)  A  randomized  clinical  trial  evaluating  555 

tamoxifen  in  the  treatment  of  patients  with  node-negative  breast  cancer  who  have  estrogen-  556 
receptor-positive  tumors.  N  Engl  J  Med  320:479-484  557 

6.  Jordan  VC  (1984)  Biochemical  pharmacology  of  antiestrogen  action.  Pharmacol  Rev  558 

36:245-276  559 

7.  Lemer  LJ,  Jordan  VC  (1990)  Development  of  antiestrogens  and  their  use  in  breast  cancer:  560 

eighth  Cain  memorial  award  lecture.  Cancer  Res  50:4177-4189  561 

8.  Jordan  VC  (2006)  The  science  of  selective  estrogen  receptor  modulators:  concept  to  clinical  562 

practice.  Clin  Cancer  Res  12:5010-5013  563 

9.  Jordan  VC  (2007)  Chemoprevention  of  breast  cancer  with  selective  oestrogen-receptor  564 

modulators.  Nat  Rev  Cancer  7:46-53  565 


Author's  Proof 


132 


7  Chemoprevention:  Cinderella  Waiting  for  the  Ball 


566  10.  Jordan  VC  (2009)  A  century  of  deciphering  the  control  mechanisms  of  sex  steroid  action  in 

567  breast  and  prostate  cancer:  the  origins  of  targeted  therapy  and  chemoprevention.  Cancer  Res 

568  69:1243-1254 

569  1 1 .  EBCTG  (2011)  Relevance  of  breast  cancer  hormone  receptors  and  other  factors  to  the  efficacy 

570  of  adjuvant  tamoxifen:  patient-level  meta-analysis  of  randomised  trials.  Lancet  378:771-784 

571  12.  Gottardis  MM,  Robinson  SP,  Satyaswaroop  PG,  Jordan  VC  (1988)  Contrasting  actions  of 

572  tamoxifen  on  endometrial  and  breast  tumor  growth  in  the  athymic  mouse.  Cancer  Res 

573  48:812-815 

574  13.  Fornander  T,  Rutqvist  LE,  Cedermark  B  et  al  (1989)  Adjuvant  tamoxifen  in  early  breast 

575  cancer:  occurrence  of  new  primary  cancers.  Lancet  1:117-120 

576  14.  Gail  MH,  Brinton  LA,  Byar  DP  et  al  (1989)  Projecting  individualized  probabilities  of 

577  developing  breast  cancer  for  white  females  who  are  being  examined  annually.  J  Natl  Cancer 

578  Inst  81:1879-1886 

579  15.  Huggins  C,  Grand  LC,  Brillantes  FP  (1961)  Mammary  cancer  induced  by  a  single  feeding  of 

580  polymucular  hydrocarbons,  and  its  suppression.  Nature  189:204-207 

581  16.  Gullino  PM,  Pettigrew  HM,  Grantham  FH  (1975)  N-nitrosomethylurea  as  mammary  gland 

582  carcinogen  in  rats.  J  Natl  Cancer  Inst  54:401-414 

583  17.  Dao  TL  (1962)  The  role  of  ovarian  hormones  in  initiating  the  induction  of  mammary  cancer  in 

584  rats  by  polynuclear  hydrocarbons.  Cancer  Res  22:973-981 

585  18.  Jordan  VC  (1976)  Effect  of  tamoxifen  (ICI  46,474)  on  initiation  and  growth  of  DMBA- 

586  induced  rat  mammary  carcinomata.  Eur  J  Cancer  12:419^-24 

587  19.  Turcot-Lemay  L,  Kelly  PA  (1980)  Characterization  of  estradiol,  progesterone,  and  prolactin 

588  receptors  in  nitrosomethylurea-induced  mammary  tumors  and  effect  of  antiestrogen  treatment 

589  on  the  development  and  growth  of  these  tumors.  Cancer  Res  40:3232-3240 

590  20.  Jordan  VC,  Allen  KE,  Dix  CJ  (1980)  Pharmacology  of  tamoxifen  in  laboratory  animals. 

591  Cancer  Treat  Rep  64:745-759 

592  21.  Wilson  AJ,  Tehrani  F,  Baum  M  (1982)  Adjuvant  tamoxifen  therapy  for  early  breast  cancer:  an 

593  experimental  study  with  reference  to  oestrogen  and  progesterone  receptors.  Br  J  Surg 

594  69:121-125 

595  22.  Jordan  VC  (1983)  Laboratory  studies  to  develop  general  principles  for  the  adjuvant  treatment 

596  of  breast  cancer  with  antiestrogens:  problems  and  potential  for  future  clinical  applications. 

597  Breast  Cancer  Res  Treat  3(Suppl):S73-S86 

598  23.  Gottardis  MM,  Jordan  VC  (1987)  Antitumor  actions  of  keoxifene  and  tamoxifen  in  the 

599  N-nitrosomethylurea-induced  rat  mammary  carcinoma  model.  Cancer  Res  47:402CM-024 

600  24.  Lacassagne  A  (1955)  Endocrine  factors  concerned  in  the  genesis  of  experimental  mammary 

601  carcinoma.  J  Endocrinol  13:ix-xviii 

602  25.  Harper  MJ,  Walpole  AL  (1967)  A  new  derivative  of  triphenylethylene:  effect  on  implantation 

603  and  mode  of  action  in  rats.  J  Reprod  Fertil  13:101-1 19 

604  26.  Terenius  L  (1971)  Structure-activity  relationships  of  anti-oestrogens  with  regard  to  interaction 

605  with  17-beta-oestradiol  in  the  mouse  uterus  and  vagina.  Acta  Endocrinol  (Copenh) 

606  66:431-447 

607  27.  Jordan  VC  (1975)  Prolonged  antioestrogenic  activity  of  ICI  46,  474  in  the  ovariectomized 

608  mouse.  J  Reprod  Fertil  42:251-258 

609  28.  Bittner  JJ  (1939)  Relation  of  nursing  to  the  extra- chromosomal  theory  of  breast  cancer  in  mice. 

610  Am  J  Cancer  35:90-97 

61 1  29.  Lathrop  AE,  Loeb  L  (1916)  Further  investigations  on  the  origin  of  tumors  in  mice.  III.  On  the 

612  part  played  by  internal  secretion  in  the  spontaneous  development  of  tumors.  J  Cancer  Res 

613  1:1-19 

614  30.  Hynes  NE,  Groner  B,  Michalides  R  (1984)  Mouse  mammary  tumor  virus:  transcriptional 

615  control  and  involvement  in  tumorigenesis.  Adv  Cancer  Res  41:155-184 

616  31.  Peters  G,  Brookes  S,  Placzek  M  et  al  (1989)  A  putative  int  domain  for  mouse  mammary  tumor 

617  virus  on  mouse  chromosome  7  is  a  5'  extension  of  int-2.  J  Virol  63:1448-1450 


Author's  Proof 

References  133 

32.  Jordan  VC,  Lababidi  MK,  Mirecki  DM  (1990)  Anti-oestrogenic  and  anti-tumour  properties  of 
prolonged  tamoxifen  therapy  in  C3H/OUJ  mice.  Eur  J  Cancer  26:718-721 

33.  Jordan  VC,  Lababidi  MK,  Langan-Fahey  S  (1991)  Suppression  of  mouse  mammary 
tumorigenesis  by  long-term  tamoxifen  therapy.  J  Natl  Cancer  Inst  83:492-496 

34.  Welsch  CW,  Goodrich-Smith  M,  Brown  CK,  Miglorie  N,  Clifton  KH  (1981)  Effect  of  an 
estrogen  antagonist  (tamoxifen)  on  the  initiation  and  progression  of  gamma-irradiation- 
induced  mammary  tumors  in  female  Sprague-Dawley  rats.  Eur  J  Cancer  Clin  Oncol 
17:1255-1258 

35.  Cuzick  J,  Baum  M  (1985)  Tamoxifen  and  contralateral  breast  cancer.  Lancet  2:282 

36.  Powles  TJ,  Hardy  JR,  Ashley  SE  et  al  (1989)  A  pilot  trial  to  evaluate  the  acute  toxicity  and 
feasibility  of  tamoxifen  for  prevention  of  breast  cancer.  Br  J  Cancer  60:126-131 

37.  Powles  TJ,  Jones  AL,  Ashley  SE  et  al  (1994)  The  Royal  Marsden  Hospital  pilot  tamoxifen 
chemoprevention  trial.  Breast  Cancer  Res  Treat  31:73-82 

38.  Powles  T,  Eeles  R,  Ashley  S  et  al  (1998)  Interim  analysis  of  the  incidence  of  breast  cancer  in 
the  Royal  Marsden  Hospital  tamoxifen  randomised  chemoprevention  trial.  Lancet  352:98-101 

39.  Jones  AL,  Powles  TJ,  Treleaven  JG  et  al  (1992)  Haemostatic  changes  and  thromboembolic  risk 
during  tamoxifen  therapy  in  normal  women.  Br  J  Cancer  66:744-747 

40.  Powles  TJ,  Tillyer  CR,  Jones  AL  et  al  (1990)  Prevention  of  breast  cancer  with  tamoxifen — an 
update  on  the  Royal  Marsden  Hospital  pilot  programme.  Eur  J  Cancer  26:680-684 

41.  Powles  TJ,  Hickish  T,  Kanis  JA,  Tidy  A,  Ashley  S  (1996)  Effect  of  tamoxifen  on  bone  mineral 
density  measured  by  dual-energy  x-ray  absorptiometry  in  healthy  premenopausal  and  post¬ 
menopausal  women.  J  Clin  Oncol  14:78-84 

42.  Kedar  RP,  Bourne  TH,  Powles  TJ  et  al  (1994)  Effects  of  tamoxifen  on  uterus  and  ovaries  of 
postmenopausal  women  in  a  randomised  breast  cancer  prevention  trial.  Lancet  343: 13 18-1321 

43.  Decensi  A,  Fontana  V,  Bruno  S  et  al  (1996)  Effect  of  tamoxifen  on  endometrial  proliferation. 
J  Clin  Oncol  14:434-440 

44.  King  MC,  Wieand  S,  Hale  K  et  al  (2001)  Tamoxifen  and  breast  cancer  incidence  among 
women  with  inherited  mutations  in  BRCA1  and  BRCA2:  National  Surgical  Adjuvant  Breast 
and  Bowel  Project  (NSABP-P1)  Breast  Cancer  Prevention  Trial.  JAMA  286:2251-2256 

45.  Fisher  B,  Costantino  JP,  Wickerham  DL  et  al  (1998)  Tamoxifen  for  prevention  of  breast 
cancer:  report  of  the  National  Surgical  Adjuvant  Breast  and  Bowel  Project  P-1  Study.  J  Natl 
Cancer  Inst  90:1371-1388 

46.  Ganz  PA  (2001)  Impact  of  tamoxifen  adjuvant  therapy  on  symptoms,  functioning,  and  quality 
of  life.  J  Natl  Cancer  Inst  Monogr  30:130-134 

47.  Day  R,  Ganz  PA,  Costantino  JP  et  al  (1999)  Health-related  quality  of  life  and  tamoxifen  in 
breast  cancer  prevention:  a  report  from  the  National  Surgical  Adjuvant  Breast  and  Bowel 
Project  P-1  Study.  J  Clin  Oncol  17:2659-2669 

48.  Veronesi  U,  Maisonneuve  P,  Costa  A  et  al  (1998)  Prevention  of  breast  cancer  with  tamoxifen: 
preliminary  findings  from  the  Italian  randomised  trial  among  hysterectomised  women.  Italian 
Tamoxifen  Prevention  Study.  Lancet  352:93-97 

49.  Cuzick  J,  Forbes  J,  Edwards  R  et  al  (2002)  First  results  from  the  International  Breast  Cancer 
Intervention  Study  (IBIS-I):  a  randomised  prevention  trial.  Lancet  360:817-824 

50.  Fisher  B,  Costantino  JP,  Wickerham  DL  et  al  (2005)  Tamoxifen  for  the  prevention  of  breast 
cancer:  current  status  of  the  National  Surgical  Adjuvant  Breast  and  Bowel  Project  P-1  study. 
J  Natl  Cancer  Inst  97:1652-1662 

51.  Cuzick  J,  Forbes  JF,  Howell  A  (2006)  Re:  Tamoxifen  for  the  prevention  of  breast  cancer: 
current  status  of  the  National  Surgical  Adjuvant  Breast  and  Bowel  Project  P-1  study.  J  Natl 
Cancer  Inst  98:643,  author  reply  643-644 

52.  Powles  TJ  (1999)  Re:  Tamoxifen  for  prevention  of  breast  cancer:  report  of  the  National 
Surgical  Adjuvant  Breast  and  Bowel  Project  P-1  Study.  J  Natl  Cancer  Inst  91:730 

53.  Jordan  VC,  Morrow  M  (1994)  Should  clinicians  be  concerned  about  the  carcinogenic  potential 
of  tamoxifen?  Eur  J  Cancer  30A:  1714-1721 


618 

619 

620 

621 

622 

623 

624 

625 

626 

627 

628 

629 

630 

631 

632 

633 

634 

635 

636 

637 

638 

639 

640 

641 

642 

643 

644 

645 

646 

647 

648 

649 

650 

651 

652 

653 

654 

655 

656 

657 

658 

659 

660 

661 

662 

663 

664 

665 

666 

667 

668 

669 


Author's  Proof 


134 


7  Chemoprevention:  Cinderella  Waiting  for  the  Ball 


670  54.  Iqbal  J,  Ginsburg  OM,  Wijeratne  TD  et  al  (2012)  Endometrial  cancer  and  venous  thromboem- 

671  bolism  in  women  under  age  50  who  take  tamoxifen  for  prevention  of  breast  cancer:  a 

672  systematic  review.  Cancer  Treat  Rev  38:318-328 

673  55.  Black  LJ,  Jones  CD,  Falcone  JF  (1983)  Antagonism  of  estrogen  action  with  a  new 

674  benzothiophene  derived  antiestrogen.  Fife  Sci  32:1031-1036 

675  56.  Black  FJ,  Sato  M,  Rowley  ER  et  al  (1994)  Raloxifene  (FY 139481  HCI)  prevents  bone  loss  and 

676  reduces  serum  cholesterol  without  causing  uterine  hypertrophy  in  ovariectomized  rats.  J  Clin 

677  Invest  93:63-69 

678  57.  Jordan  VC,  Gosden  B  (1983)  Inhibition  of  the  uterotropic  activity  of  estrogens  and 

679  antiestrogens  by  the  short  acting  antiestrogen  FY1 17018.  Endocrinology  113:463-468 

680  58.  Clemens  JA,  Bennett  DR,  Black  FJ,  Jones  CD  (1983)  Effects  of  a  new  antiestrogen,  keoxifene 

681  (FY156758),  on  growth  of  carcinogen-induced  mammary  tumors  and  on  FH  and  prolactin 

682  levels.  Fife  Sci  32:2869-2875 

683  59.  Jordan  VC,  Phelps  E,  Findgren  JU  (1987)  Effects  of  anti-estrogens  on  bone  in  castrated  and 

684  intact  female  rats.  Breast  Cancer  Res  Treat  10:31-35 

685  60.  Delmas  PD,  Bjamason  NH,  Mitlak  BH  et  al  (1997)  Effects  of  raloxifene  on  bone  mineral 

686  density,  serum  cholesterol  concentrations,  and  uterine  endometrium  in  postmenopausal 

687  women.  N  Engl  J  Med  337:1641-1647 

688  61.  Ettinger  B,  Black  DM,  Mitlak  BH  et  al  (1999)  Reduction  of  vertebral  fracture  risk  in 

689  postmenopausal  women  with  osteoporosis  treated  with  raloxifene:  results  from  a  3-year 

690  randomized  clinical  trial.  Multiple  Outcomes  of  Raloxifene  Evaluation  (MORE)  Investigators. 

691  JAMA  282:637-645 

692  62.  Jordan  VC  (1988)  Chemosuppression  of  breast  cancer  with  tamoxifen:  laboratory  evidence 

693  and  future  clinical  investigations.  Cancer  Invest  6:589-595 

694  63.  Cummings  SR,  Eckert  S,  Krueger  KA  et  al  (1999)  The  effect  of  raloxifene  on  risk  of  breast 

695  cancer  in  postmenopausal  women:  results  from  the  MORE  randomized  trial.  Multiple 

696  Outcomes  of  Raloxifene  Evaluation.  JAMA  281:2189-2197 

697  64.  Cauley  JA,  Norton  L,  Lippman  ME  et  al  (2001)  Continued  breast  cancer  risk  reduction  in 

698  postmenopausal  women  treated  with  raloxifene:  4-year  results  from  the  MORE  trial.  Multiple 

699  outcomes  of  raloxifene  evaluation.  Breast  Cancer  Res  Treat  65:125-134 

700  65.  Martino  S,  Cauley  JA,  Barrett-Connor  E  et  al  (2004)  Continuing  outcomes  relevant  to  Evista: 

701  breast  cancer  incidence  in  postmenopausal  osteoporotic  women  in  a  randomized  trial  of 

702  raloxifene.  J  Natl  Cancer  Inst  96:1751-1761 


Author's  Proof 


Author  Queries 

Chapter  No.:  7 


Query  Refs. 

Details  Required 

Author’s  response 

AU1 

Please  check  sentence  starting  “Ta¬ 
moxifen  became....”  for  complete¬ 
ness. 

AU2 

Please  check  if  edit  to  sentence 
starting  "The  change  in. . ."  is  okay. 

AU3 

Please  check  sentence  starting  “Wo¬ 
men  were  randomized. . .”  for  clarity. 

AU4 

Please  check  Ref.  [4]  for  correctness. 

Author's  Proof 


Metadata  of  the  chapter  that  will  be  visualized  online 


Chapter  Title 

Tamoxifen  and  Raloxifene  Head  to  Head:  The  STAR  Trial 

Copyright  Year 

2013 

Copyright  Holder 

Springer  Basel 

Corresponding  Author 

Family  Name 

Particle 

Maximov 

Given  Name 

Philipp  Y. 

Suffix 

Organization 

Georgetown  University  Medical  Center 

Address 

Washington  District  of  Columbia,  USA 

Author 

Family  Name 

Particle 

McDaniel 

Given  Name 

Russell  E. 

Suffix 

Organization 

Georgetown  University  Medical  Center 

Address 

Washington  District  of  Columbia,  USA 

Author 

Family  Name 

Particle 

Jordan 

Given  Name 

V.  Craig 

Suffix 

Division 

Lombardi  Comprehensive  Cancer  Center 

Organization 

Georgetown  University  Medical  Center 

Address 

Washington,  DC,  USA 

Abstract 

The  toxicological  concern  with  the  potential  of  tamoxifen  to  increase  the 
incidence  of  endometrial  cancer  or  hepatocellular  carcinoma  mandated  a 
new  approach  to  chemoprevention.  The  SERM  raloxifene  does  not  have 
the  toxicological  concern  of  tamoxifen  and  is  approved  for  the  treatment 
and  prevention  of  osteoporosis  but  at  the  same  time  reduces  breast  cancer 
incidence.  The  Study  of  Tamoxifen  and  Raloxifene  (STAR)  demonstrated 
that  the  two  SERMs  were  equivalent  in  reducing  breast  cancer  incidence  but 
raloxifene  had  a  better  safety  profile.  However,  tamoxifen  can  reduce  breast 
cancer  incidence  during  therapy  for  5  years,  and  this  is  maintained  for  at  least 
a  decade  after  treatment.  In  contrast,  raloxifene  must  be  given  continuously. 

Author's  Proof 


Chapter  8 

Tamoxifen  and  Raloxifene  Head  to  Head: 
The  STAR  Trial 


Abstract  The  toxicological  concern  with  the  potential  of  tamoxifen  to  increase  the 
incidence  of  endometrial  cancer  or  hepatocellular  carcinoma  mandated  a  new 
approach  to  chemoprevention.  The  SERM  raloxifene  does  not  have  the  toxicologi¬ 
cal  concern  of  tamoxifen  and  is  approved  for  the  treatment  and  prevention  of 
osteoporosis  but  at  the  same  time  reduces  breast  cancer  incidence.  The  Study  of 
Tamoxifen  and  Raloxifene  (STAR)  demonstrated  that  the  two  SERMs  were  equiv¬ 
alent  in  reducing  breast  cancer  incidence  but  raloxifene  had  a  better  safety  profile. 
However,  tamoxifen  can  reduce  breast  cancer  incidence  during  therapy  for  5  years, 
and  this  is  maintained  for  at  least  a  decade  after  treatment.  In  contrast,  raloxifene 
must  be  given  continuously. 

The  STAR  trial  recruitment  and  evaluation  was  unprecedented  in  the  history  of 
clinical  cancer  trials  (Fig.  8.1).  The  STAR  trial  was  a  phase  III,  double-blind  trial  that 
screened  184,480  postmenopausal  women  (mean  age  58.5  years)  for  a  full  year  with 
breast  cancer  risk  over  1.65  %,  and  19,747  were  subsequently  randomized  to  receive 
either  tamoxifen  (20  mg  daily)  or  raloxifene  (60  mg  daily)  for  5  years  (Fig.  8.2).  The 
primary  aim  of  the  trial  was  to  assess  the  occurrence  of  invasive  breast  cancer  in 
postmenopausal  high-risk  women  with  raloxifene  and  compare  the  preventive  effi¬ 
cacy  with,  by  then  an  established  drug,  tamoxifen.  The  secondary  aim  was  to 
establish  the  efficacy  of  raloxifene  treatment,  such  as  cardiovascular,  bone  density, 
and  general  toxicities.  Three  groups  of  women  were  eligible:  postmenopausal 
women  over  60,  irrespective  of  their  risk  of  breast  cancer;  postmenopausal  women 
who  were  diagnosed  previously  with  lobular  carcinoma  in  situ  (LCIS);  and  postmen¬ 
opausal  women  between  the  ages  of  35  and  59,  who  have  a  high  risk  of  developing 
breast  cancer  based  on  the  presence  of  a  combination  of  risk  factors.  The  risk  factors 
were  assessed  by  using  a  modified  Gail  model  that  was  used  in  the  NSABP/P-1  trial. 
The  main  risk  factors  included  age;  number  of  first-degree  relatives  who  have  been 
diagnosed  with  breast  cancer;  whether  the  woman  has  had  any  children  and  the  age 
of  the  first  delivery;  history  of  biopsies,  especially  if  the  results  have  shown  atypical 
hyperplasia;  and  the  age  of  the  woman’s  first  menstrual  period. 

P.Y.  Maximov  et  al.,  Tamoxifen ,  Milestones  in  Drug  Therapy,  135 
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Fig.  8.1  STAR  trial 
recruitment  scheme.  A  total 
of  19,747  postmenopausal 
women  were  selected  based 
on  their  eligibility  to 
participate  in  the  study 


STAR  TRIAL  STU  DY  FLOW 


Fig.  8.2  STAR  trial 
randomization  scheme.  A 
total  of  19,747  selected 
women  were  randomized  to 
be  treated  with  either  20  mg 
of  tamoxifen  daily  or  60  mg 
of  raloxifene  daily 


19,747  Randomized 


Study  Of  Tamoxifen  And  Raloxifene  (STAR) 

P.l.  Norman  Wclmark  MD 
Protocol  C  hairma  n  Victor  Vogel  M  D 
Scientific  Chairman  V.  Craig  Jordan  PhD  DSc 


Postmenopausal 
High  Risk  Womei 
19,000 


Tamoxifen 
(20  mg  daily) 


Five  Years  Treatment:  Two  Years  Of  Follow  Up 


Raloxifene 
{60  mg  dally) 


Endometrial  Surveillance:  Self  Reporting 
Subproject  To  Compare  Endometrial 
And  Uterine  Characteristics 


A  preplanned  analysis  was  triggered  when  a  total  of  327  incidents  of  invasive 
breast  cancers  occurred.  The  trial  was  conducted  beginning  1  July  1999  and  was 
assessed  at  a  cutoff  date  of  31  December  2005.  The  data  reported  initially  were 
6  years  and  5  months  after  the  STAR  trial  initiated  recruitment  [1]. 

There  were  a  total  of  168  invasive  breast  cancers  in  the  raloxifene-treated  group 
and  163  invasive  breast  cancers  in  the  tamoxifen-treated  group  (Fig.  8.3).  A  control 
arm  was  not  considered  to  be  appropriate  as  tamoxifen  was  the  FDA-approved 
medicine  and  the  standard  of  care,  but  an  estimate  of  invasive  breast  cancer  in  a 
hypothetical  control  arm  based  on  the  level  of  risk  in  an  equivalent  number  of 
women  not  treated  with  a  SERM  was  estimated  at  312  (Fig.  8.3).  Thus,  both 
tamoxifen  and  raloxifene  are  producing  about  a  50  %  decrease  in  breast  cancer 
incidence.  There  were  however  fewer  noninvasive  breast  cancer  (57  cases)  in  the 
tamoxifen-treated  group  compared  with  the  raloxifene-treated  group  (80  cases),  but 
this  was  barely  statistically  significant  (P  =  0.052)  (Fig.  8.4).  However,  a  later 
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10  -i - 


Gail  Model  TAM  Raloxifene 

Projection 


*  U  of  events 

Fig.  8.3  The  results  of  invasive  breast  cancer  reduction  in  STAR  trial.  Raloxifene  virtually  was 
equivalent  to  tamoxifen  in  reducing  the  incidence  of  invasive  breast  cancer  by  50  %,  as  compared 
to  the  projected  untreated  control.  It  was  considered  unethical  to  use  untreated  control  as  an 
approved  breast  cancer  treatment  with  tamoxifen  already  was  available  at  the  time 


60  Months  96  Months  60  Months  96  Months 

Fig.  8.4  Cumulative  incidence  of  invasive  breast  cancer  and  noninvasive  breast  cancer  in  women 
treated  with  tamoxifen  and  raloxifene  and  followed  up  at  60  and  96  months  post  randomization 

statistical  study  was  initiated  to  assess  the  actual  benefit/risk  for  breast  cancer 
prevention  for  postmenopausal  women  [2].  The  data  were  pooled  from  the 
Women’s  Health  Initiative,  STAR  trial,  and  End  Results  Program  and  were  used 
to  develop  a  benefit/risk  assessment  index,  which  could  be  used  for  assessing  the 
chemoprevention  benefits  with  either  raloxifene  or  tamoxifen.  The  results  of  the 
statistical  analysis  demonstrated  that  benefit/risk  index  was  dependent  on  age,  race, 
and  history  of  hysterectomy.  Postmenopausal  women  with  no  hysterectomy  treated 
with  raloxifene  generally  have  better  index  than  those  treated  with  tamoxifen  and  so 
do  premenopausal  women  with  prior  hysterectomy. 

In  contrast,  there  were  fewer  endometrial  cancer  (23  cases)  in  patients  treated 
with  raloxifene  then  those  treated  with  tamoxifen  (36  cases),  though  this  does  not 
reveal  statistical  significance  (P  <  0.07)  (Fig.  8.5).  However,  this  is  deceptive  as 
tamoxifen  has  a  fundamentally  different  effect  on  the  uterus  than  raloxifene. 
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ENDOMETRIAL  CANCER 


60  Months  96  Months 


THROMBOEMBOLIC  EVENTS 

40  - 
35  ■ 

30  ■ 


TAM  Ral  TAM  M 

60  Months  96  Months 


Fig.  8.5  Cumulative  incidence  of  uterine  cancers  and  thromboembolic  events  in  women  treated 
with  either  tamoxifen  or  raloxifene  and  followed  up  at  60  and  96  months  post  randomization 


tl.1  Table  8.1  The  rates  of  developed  cataracts  and  cataract  surgeries  during  STAR  trial.  A  total  of 
8,341  women  were  treated  with  tamoxifen  and  8,336  were  treated  with  raloxifene 


tl  .2 

Events 

Rate  per  1,000 

tl  .3 

Cataracts  and  cataract  surgery 

Tamoxifen 

Raloxifene 

Tamoxifen 

Raloxifene 

tl  .4 

Developed  cataracts 

739 

603 

{  14.58 

11.69 

tl  .5 

Cataracts  followed  by  surgery 

575 

462 

11.18 

8.85 

60  Women  elected  to  have  244  hysterectomies  on  tamoxifen  can  be  compared  to 

61  111  hysterectomies  in  patients  taking  raloxifene.  Similarly,  there  were  fewer 

62  thrombotic  events  (P  =  0.01)  (Fig.  8.5),  cataracts  (P  =  0.002),  and  cataract 

63  surgeries  (P  =  0.03)  in  women  being  treated  with  raloxifene  (Table  8.1). 

64  Therefore,  overall,  tamoxifen  and  raloxifene  are  equivalent  during  the  treatment 

65  phase,  for  reducing  the  risk  of  breast  cancer  in  high-risk  postmenopausal  women, 

66  but  raloxifene  appears  to  have  a  better  safety  profile  than  tamoxifen  during  treat- 

67  ment.  However,  this  is  where  the  pharmacology  becomes  interesting. 

68  A  subsequent  analysis  of  the  STAR  trial  at  90  months  after  initiating  recruitment 

69  was  reported  [3].  Interestingly,  the  efficacy  of  raloxifene  and  tamoxifen  did  not 

70  remain  equivalent  in  the  post  treatment  phase  of  the  study.  The  5-year  “pulse”  of 

71  tamoxifen  treatment  seemed  to  have  changed  the  breast  cancer  tissue  or  changed 

72  the  tumor  environment  so  that  even  5  years  after  the  therapy  cessation,  the  occur- 

73  rence  of  contralateral  breast  cancer  was  still  prevented  [4].  Similar  results  were 

74  shown  in  animals,  where  the  number  of  breast  tumors  in  tamoxifen-treated  rats 

75  never  reached  the  same  levels  as  in  control  animals  [5] .  The  efficacy  of  raloxifene  to 

76  reduce  the  incidence  of  invasive  breast  cancer  decreases  so  that  within  2-3  years 

77  after  treatment,  raloxifene  only  retain  76  %  of  the  ability  of  tamoxifen  to  prevent 

78  the  occurrence  of  invasive  breast  cancer  in  post  treatment  period.  However,  based 

79  on  the  Martino  study  [6],  raloxifene  should  be  consulted  as  a  continuous  therapy 

80  and  should  not  be  stopped  at  5  years. 

81  Concerning  safety  with  raloxifene,  there  was  now  a  significant  decrease  in  the 

82  incidence  of  endometrial  cancers  (P  =  0.003),  thrombotic  events  (P  =  0.007), 
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Favors  Favors 

_ ^ _ Raloxifene  TamMlT&n 

Cataracts  1 - - 1 

Ovarian  Cancer  1  *  J 

Hysterectomy  ■ - * - ■ 

Er  do  Hyperplas  i  a  ■ - * - * 

Endometrial  Cancer  > — - — ♦  p=o.qss 

Venous  Thrombotic  Event  ■ — * — > 

Stroke  1 — * — 1 
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Death  ■  * 

Vertebral  Fracture  * — * — * 

Non  Invasive  Breast  Cancer  p-0  057 .  4  . 

Invasive  Breast  Cancer  '  *  T 

-12  -11  -10  -B  -A  -7  -6  -S  -4  -3  -2  -1  0  1  2 

Difference  in  number  of  events  {95%C!)  per  1000  Women/year 
Fig.  8.6  Efficacy  and  important  outcomes  in  favor  of  raloxifene  and  tamoxifen  in  the  STAR  trial 

(Fig.  8.6)  cataracts,  and  cataract  operations  (RR  =  0.80;  95  %  Cl,  0.72-0.89  and 
RR  =  0.79;  95  %  Cl,  0.70-0.90,  respectively)  (Fig.  8.6).  As  a  summary  of  the 
efficacy  and  important  outcomes  of  the  STAR  trial,  Fig.  8.6  addresses  outcomes  in 
favor  of  either  raloxifene  or  tamoxifen. 

Raloxifene  was  approved  by  the  FDA  for  the  reductions  of  incidence  of  breast 
cancer  in  high-risk  postmenopausal  women  and  breast  cancer  in  postmenopausal 
women  with  osteoporosis  on  24  July  2007. 

Postscript.  During  the  past  40  years,  the  idea  of  preventing  breast  cancer  in 
women  at  high  risk  for  developing  the  disease  has  advanced  from  just  that,  an 
idea  [7]  to  become  a  practical  reality  with  not  one  but  two  FDA-approved 
medicines.  Forty  years  ago,  there  was  no  tamoxifen,  only  ICI  46,474,  a  failed 
“morning-after  pill”  that  was  reinvented  as  an  antiestrogen  throughout  the  1970s, 
and  a  strategy  was  established  to  enable  progress  to  move  forward  in  the  clinic  for 
both  chemoprevention  and  long-term  adjuvant  therapy  with  an  antihormonal  agent 
[8].  Indeed,  at  that  time,  the  word  “chemoprevention”  was  not  even  in  the  English 
language.  It  was  still  for  Michael  Sporn  to  invent  the  idea  of  using  chemicals  to 
prevent  cancer  [9,  10]  and  establish  the  word  chemoprevention.  Raloxifene  the 
failed  “breast  cancer  drug”  was  conceptually  reinvented  as  the  first  SERM  to  treat 
osteoporosis  and  prevent  breast  cancer  at  the  University  of  Wisconsin  Comprehen¬ 
sive  Cancer  Center. 

At  the  start  of  the  STAR  trial,  Dr.  Norman  Wolmark,  principal  investigator  of 
the  NCI  grant  and  of  the  NSABP,  appointed  me  as  the  scientific  chair  for  the  clinical 
trial.  His  goal  was  to  recruit  a  qualified  scientist  to  address  unanticipated  issues  of 
importance  to  our  patients,  should  they  arise.  My  expertise  was  translational 
research  on  both  SERMs.  Fortunately,  and  remarkably,  no  cases  arose  during  the 
tenure  of  the  STAR  trial  (in  contrast  to  the  NCI/NSABP  P-1  trail). 
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109  The  question  was  asked  to  me  more  than  once:  “How  will  you  feel  if  raloxifene 
no  proves  to  be  superior  to  tamoxifen  in  the  STAR  trial?”  “Delighted”  would  be  my 
in  reply  as  the  scientific  foundations  for  the  applications  of  both  SERMs  (and  the 

112  concept  of  the  new  SERM  drug  group — Chap.  5)  had  both  emerged  from  my 

113  laboratory.  Firstly  with  the  reinvention  of  tamoxifen,  a  failed  contraceptive  to  a 

114  potential  chemopreventive  at  the  Worcester  Foundations  and  as  a  long-term  adju- 

115  vant  therapy  at  the  University  of  Leeds  in  the  early  1 970s  [  1 1 , 1 2] .  Raloxifene  was  a 

116  failed  breast  cancer  drug  originally  called  keoxifene  that  was  abandoned  in  the  late 

117  1980s  by  the  pharmaceutical  industry  but  reinvented  in  my  laboratory  at  the 

118  Wisconsin  Clinical  Cancer  Center  as  a  potential  candidate  medicine  with  the 

119  goal:  “prevent  diseases  associated  with  the  progressive  changes  after  menopause 

120  may,  as  a  side  effect,  significantly  retard  the  development  of  breast  cancer” 

121  [13].  Our  laboratory  data  was  subsequently  confirmed  [14],  and  clinical  testing 

122  for  raloxifene  to  treat  and  prevent  osteoporosis  advanced  from  about  1992  through 

123  clinical  testing  by  the  pharmaceutical  industry. 

124  The  evaluation  of  the  use  of  two  SERMs  with  different  characteristics  in  the 

125  STAR  trial  taught  important  lessons  in  translational  research.  In  the  laboratory 

126  during  the  1980s,  it  was  clear  that  the  structurally  related  polyhydroxylated 

127  compounds  LY  117,018  and  LY1 56,758  were  short  acting  and  rapidly  excreted 

128  drugs  compared  to  tamoxifen  [15-17].  Much  higher  daily  doses  of  rapidly  excreted 

129  antiestrogens  were  necessary  for  effective  antitumor  action  [5,  17],  and  the 

130  antiestrogenic  effects  of  the  polyhydroxylated  compounds  disappeared  rapidly 

131  once  the  drug  is  stopped.  In  contrast,  tamoxifen  accumulates.  Thus,  large  daily 

132  doses  of  raloxifene  are  necessary  to  achieve  the  same  efficacy  as  tamoxifen,  and  this 

133  is  true  with  raloxifene  (tamoxifen  is  used  at  a  standard  dose  of  20  mg  daily;  the 

134  MORE  trial  used  60  vs.  120  mg  daily  of  raloxifene).  Additionally,  the  relative 

135  clearance  rate  of  raloxifene  and  tamoxifen  would  have  implications  for  a  correla- 

136  tion  between  compliance  and  the  actions  of  the  SERMs  to  be  chemopreventive 

137  agents  in  breast  cancer.  Tamoxifen  accumulates  but  the  drug  can  still  be  detected  in 

138  the  circulations  6  weeks  after  the  last  dose.  Raloxifene  is  cleared  rapidly  within  a 

139  few  days  of  the  last  dose.  Thus,  missing  a  few  tamoxifen  tablets  is  of  little 

140  consequence  to  the  efficacy  of  the  drug,  but  regularly  missing  raloxifene  doses 

141  exposes  the  patient  to  estrogen-induced  proliferations  of  nascent  breast  tumors. 

142  There  is  also  another  important  aspect  of  tamoxifen’s  pharmacology  that  is  only 

143  recently  being  understood.  Long-term  adjuvant  tamoxifen  therapy  [18,  19]  and 

144  chemoprevention  [20-22]  retain  antitumor  actions  long  after  tamoxifen  is  stopped. 

145  This  was  noted  in  the  NSABP  P-1  trail  [21]  and  in  the  NSABP/STAR  P-2  trial 

146  [3].  In  contrast,  raloxifene  was  unable  to  maintain  long-term  antitumor  effects  in 

147  the  STAR  trial  [3],  confirming  the  earlier  laboratory  data  [5,  17].  It  was  this  finding 

148  that  prompted  the  conclusion  of  recommendations  from  the  NSABP:  “It  is  unlikely 

149  that  the  optimal  durations  of  raloxifene  for  chemoprevention  will  be  evaluated  in  a 

150  breast  cancer  prevention  setting;  however,  the  use  of  raloxifene  in  treating  and 

151  preventing  osteoporosis  is  approved  for  an  indefinite  period  time.  Therefore, 

152  continuing  raloxifene  therapy  beyond  5  years  might  be  an  approach  that  would 

153  preserve  its  full  chemopreventive  activity”  [3]. 
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Chapter  9 

Acquired  Resistance  to  Tamoxifen:  Back 
to  the  Beginning 


Abstract  The  clinical  acceptance  and  validation  of  the  therapeutic  strategy  of  long¬ 
term  adjuvant  tamoxifen  treatment  mandated  an  examination  of  acquired  drug 
resistance  under  laboratory  conditions.  The  first  model  in  vivo  of  acquired  resistance 
of  ER-positive  breast  cancer  cells  transplanted  into  immune  deficient  mice 
demonstrated  tamoxifen- stimulated  tumor  growth  after  about  2  years  of  continuous 
treatment.  When  tamoxifen  was  stopped,  tumors  also  grew  with  physiologic  estra¬ 
diol.  The  model  showed  that  no  estrogen  (similar  to  the  use  of  aromatase  inhibitors) 
or  a  pure  antiestrogen  to  destroy  ER  (fulvestrant)  presaged  this  therapeutic  approach 
in  clinical  trials  a  decade  later.  However,  the  long-term  retransplantation  of  breast 
tumors  with  acquired  tamoxifen  resistance  for  at  least  5  years  demonstrated  a 
vulnerability  of  these  tumors.  Tamoxifen-stimulated  tumor  growth  but  physiologic 
estrogen  now  caused  tumor  regression  and  apoptosis.  The  new  biology  of  estrogen- 
induced  apoptosis  now  is  used  to  explain  the  decrease  in  mortality  after  adjuvant 
tamoxifen  is  stopped  in  patients  and  also  the  value  of  conjugated  equine  estrogens  to 
reduce  breast  cancer  incidence  in  women  treated  in  their  60s. 


Introduction 

The  idea  that  the  determination  of  the  estrogen  receptor  (ER)  content  in  the  breast 
tumor  of  a  patient  with  metastatic  breast  cancer  would  predict  response  to  ablative 
endocrine  surgery  (oophorectomy,  adrenalectomy,  hypophysectomy)  became  a 
clinical  reality  and  requirement  for  each  breast  cancer  patient  in  the  mid-1970s 
[1].  This  was  established  on  a  National  Cancer  Institute  sponsored  meeting  in 
Bethesda,  Maryland,  at  the  Holiday  Inn  in  1974.  The  rationale  was  that  if  the  ER 
was  not  present  in  the  tumor,  then  the  patient  should  not  have  ablative  surgery.  This 
would  be  30  %  of  all  patients  and  there  would  be  no  response.  There  would  be  a 
response  of  about  60  %  in  patients  with  an  ER-positive  tumor.  Tamoxifen,  however, 
was  not  considered  in  these  deliberations  as  it  was  not  yet  in  clinical  trial  in 
America. 
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31  Tamoxifen  was  Food  and  Drug  Administration  (FDA)  approved  and  available  to 

32  treat  metastatic  breast  cancer  in  December  1977.  By  then,  the  ER  had  evolved  into 

33  the  target  for  tamoxifen  action  [2]  and  has  subsequently  become  a  drug  to  be  used  as 

34  a  potential  long-term  adjuvant  therapy,  and  there  was  laboratory  data  to  indicate 

35  there  was  potential  for  tamoxifen  as  the  first  chemopreventive  for  breast  cancer. 

36  The  fact  that  all  metastatic  breast  tumors  with  ER  did  not  respond  to  tamoxifen 

37  treatment,  and  those  tumors  that  do  respond,  do  so  for  about  1-2  years  [3],  created  a 

38  classification  of  intrinsic  resistance  where  treatment  fails  to  control  tumor  growth  at 

39  the  2-month  evaluation  point  and  acquired  resistance  where  the  tumor  eventually 

40  escapes  from  estrogen  blockade  of  the  ER  by  tamoxifen  and  grows  autonomously. 

41  The  prevalent  theory  in  the  1 97 Os  for  acquired  resistance  to  endocrine  therapy  was 

42  that  tumors  were  heterogeneous  and  those  cells  containing  ER  were  controlled  and 

43  died  out,  and  the  ER-negative  tumor  cells  overgrew  and  become  dominant.  Thus,  a 

44  tumor  would  evolve  from  ER  positive  to  become  ER  negative.  However,  this  was 

45  inconsistent  with  clinical  experience  by  the  medical  oncology  community.  Select 

46  breast  cancer  could  respond  to,  the  then  standard  of  care,  high-dose  diethylstilbestrol 

47  (DES)  fail  therapy  evidenced  by  tumor  regrowth,  have  a  withdrawal  response  by 

48  stopping  (DES)  treatment,  once  the  tumor  regrew  the  clinician  would  try  high-dose 

49  androgen  or  progestin  therapy.  This  whole  process  of  alternating  endocrine  therapies 

50  is  called  the  endocrine  treatment  cascade  and  is  used  successfully  to  this  day  in 

51  selected  patients  before  using  cytotoxic  combination  chemotherapy.  The  practice  of 

52  medicine  therefore  was  not  consistent  with  the  theory  that  resistance  occurred  with  a 

53  trend  to  ER-negative  cell  populations:  the  theory  must  therefore  be  incorrect.  The 

54  solution  to  the  problem  was  to  come  from  studies  utilizing  athymic  mice  to  grow 

55  human  breast  cancer  cell  lines  and  to  study  acquired  resistance  to  tamoxifen. 


56  The  MCF-7  Breast  Cancer  Cell  Line 

57  The  important  cell  line  created  by  Soule  and  coworkers  [4] at  the  Michigan  Cancer 

58  Foundation  (MCF)  was  from  a  pleural  effusion  from  a  nun,  Sister  Catherine 

59  Frances,  initially  treated  with  high-dose  DES  (tamoxifen  was  not  available  at  that 

60  time).  The  cell  line  is  ER  positive  [5]  and  became  the  “work  horse”  in  the  laboratory 

61  for  the  study  of  hormone-dependent  breast  cancer.  Tamoxifen  blocked  spontaneous 

62  growth  of  MCF-7  cells  in  culture  [6]  and  estradiol  reversed  the  tamoxifen  blockade. 

63  Estrogen  did  not  however  enhance  growth  in  culture  but  it  did  in  athymic  mice  [7] 

64  leading  to  the  idea  that  a  second  factor  in  vivo  was  required.  Within  the  decade  of 

65  the  1980s,  the  Katzenellenbogen  laboratory  would  discover  that  the  ubiquitous 

66  phenol  red  indicator  used  in  culture  media  contained  a  potent  estrogenic  contami- 

67  nant  [8,  9]  (Fig.  1.7,  Chap.  1). 

68  Nevertheless,  it  was  probably  fortunate  that  the  ER-positive  MCF-7  cells  were 

69  always  grown  in  an  estrogen-containing  environment  to  maintain  their  hormone- 

70  responsive  characteristics.  Without  estrogen  in  the  media,  the  estrogen-responsive 

71  cells  die  [10]. 
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The  value  of  the  MCF-7  cell  line  to  breast  cancer  research  has  been  reviewed 
previously  [11].  Throughout  the  1980s  and  1990s,  numerous  reports  of  tamoxifen 
resistance  or  resistance  to  raloxifene-like  molecules  or  pure  antiestrogens  were 
published  using  MCF-7  cells  in  vitro  or  with  other  ER-positive  cells  [12-23].  We 
will,  however,  focus  here  on  the  importance  of  the  transplantation  of  MCF-7  cells 
into  athymic  mice  to  create  a  breakthrough  in  deciphering  acquired  drug  resistance. 
Shafie  and  Granthan  [24]  first  showed  that  MCF-7  tumors  grow  in  athymic  mice 
with  estradiol  treatment,  but  not  with  tamoxifen  treatment.  Osborne  [25] 
demonstrated  that  tamoxifen  would  control  estrogen- stimulated  MCF-7  growth  in 
athymic  mice  but  eventually  the  MCF-7  derived  tumors  would  grow  despite 
tamoxifen  treatment  [26].  Osborne  concluded  that  part  of  the  action  of  tamoxifen 
was  tumoristatic;  therefore,  long-term  treatment  was  necessary[26]  .  This  was 
consistent  with  original  data  generated  in  carcinogen-induced  rat  mammary  cancer 
models  [27].  However,  the  finding  that  MCF-7  tumors  with  acquired  resistance  to 
tamoxifen  grew  because  of  estrogen  or  tamoxifen  treatment  not  despite  the  tamoxi¬ 
fen  was  a  discovery  [28].  The  tumors  were  transplantable  and  had  adapted  a 
mechanism  for  the  tamoxifen-ER  complex  to  cause  growth  somewhat  similar  to 
estrogen.  Additionally,  the  resistance  (tamoxifen- stimulated  growth)  is  not  athymic 
mouse  specific,  i.e.,  some  strange  metabolic  difference  or  difference  in  NK  cells. 
Tamoxifen-stimulated  MCF-7  tumor  growth  occurs  in  either  athymic  rats  or 
beige  (NK  deficient)  mice  [29].  Unfortunately  (or  as  it  turned  out  fortunately!), 
cell  lines  of  tamoxifen-resistant  tumors  could  not  be  treated  and  retain  the 
tamoxifen-resistant  growth  phenotype.  However,  to  explain  the  estrogen-like  action 
of  tamoxifen,  an  interesting  hypothesis  emerged  in  the  early  1990s  to  explain 
tamoxifen- stimulated  growth  via  the  generation  of  estrogenic  isomers  of  tamoxifen 
metabolites.  This  will  be  described  briefly,  as  an  interesting  clinical  approach  was 
used  to  address  the  proposed  molecular  mechanism  of  acquired  tamoxifen  resis¬ 
tance.  It  is  an  excellent  example  of  how  basic  structure-function  relationship  can 
resolve  important  clinical  questions  in  the  laboratory. 


Tamoxifen  Metabolism  Hypothesis 

Tamoxifen  is  metabolized  to  numerous  hydroxy lated  compounds,  some  with 
estrogen-like  actions  and  others  with  antiestrogenic  actions  (Chap.  3).  The  metabo¬ 
lism  hypothesis  with  subsequent  geometric  isomerization  to  putative  estrogens  was 
based  on  the  known  estrogenic  and  antiestrogenic  properties  of  the  cis  (ICI  47,699) 
and  trans  (ICI  46,474)  isomers  of  tamoxifen  [30-33].  It  was  noted  that  there  is 
less  tamoxifen  in  tumors  with  acquired  resistance  [31]  and  an  increase  in  (E) 
4-hydroxytamoxifen  as  a  putative  estrogen.  Similar  findings  were  made  in  patients 
failing  tamoxifen  therapy,  i.e.,  lower  levels  of  tamoxifen  in  the  tumor  and  the  ratio 
of  E  to  Z  isomers  of  4-hydroxytamoxifen  were  higher  [32].  Additionally  [33], 
metabolite  E,  a  weak  estrogen,  was  identified  in  patients  with  tamoxifen  refractory 
tumors.  To  evaluate  the  hypothesis  a  series  of  non-isomerizable  fixed  ring 
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113  derivatives  and  isomers  of  4 -hydroxy tamoxifen  and  metabolite  E  were  synthesized. 

114  The  E  isomer  of  4 -hydroxy tamoxifen  is  actually  a  very  weak  antiestrogen  (not  a  full 

115  estrogen)  [34,  35].  The  Z  isomer  of  metabolite  E  is  only  a  very  weak  estrogen 
lie  (Fig.  3.2,  Chap.  3). 

117  To  address  the  tamoxifen  metabolism  hypothesis,  further  in  vivo,  a  fixed  ring 

1 1 8  version  of  tamoxifen  was  synthesized  so  that  any  metabolite  that  we  produced  could 

119  not  isomerize  to  potent  estrogens.  Fixed  ring  tamoxifen  is  equally  able  to  stimulate 

120  the  acquired  tamoxifen  treatment  tumors  as  the  parent  drug  [36].  Thus,  other 

121  resistance  mechanisms,  based  on  growth  factor  driven  tumor  growth  have  now 

122  become  most  useful  for  developing  future  therapeutic  strategies  either  as  second 

123  time  treatments  or  if  given  with  tamoxifen  initially  may  prevent  resistance  occur- 

124  ring  in  the  first  place. 


125  Growth  Factor-Driven  Acquired  and  Intrinsic  Resistance 

126  There  is  compelling  evidence  that  HER  2/neu  can  subvert  hormone-responsive 

127  growth  completely  in  ER-positive  cells.  Stable  transfection  of  MCF-7  cells  with  the 

128  HER  2/neu  gene  results  in  tumor  growth  in  athymic  mice  not  regulated  by 

129  tamoxifen  [37]. 

130  Over  the  past  20  years  the  Osborne  Group  in  Texas  have  refined  the  growth 

131  factor  driven  MCF-7  model  in  vivo  and  defined  precisely  the  ways  of  blocking 

132  either  the  receptors  or  their  tyrosine  kinases  singly  or  together  to  create  long-term 

133  responses  or  “cures”  in  vivo  while  applying  either  tamoxifen  or  estrogen 

134  deprivations  equivalent  to  aromatase  inhibitors  treatment  strategies. 

135  In  recent  years  antibodies  targeting  HER2,  or  tyrosine  kinase  inhibitors  that 

136  target  the  HER  family  (1-4)  have  become  available  for  clinical  evaluation.  Among 

137  anti-HER2  monoclonal  antibodies  tested,  trastuzumab  is  now  a  well-known  and 

138  approved  drug  that  is  established  though  clinical  trials  as  an  important  component 

139  of  the  first-line  treatment  of  patients  with  HER2  amplified  metastatic  breast  cancer 

140  [38-40].  When  trastuzumab  is  administered  in  a  preoperative  setting,  this  strategy 

141  increases  the  pathological  complete  response  rate  [38].  In  a  large  phase  III  trial 

142  investigating  adjuvant  therapy  in  HER2  positive  early  breast  cancer,  the  addition  of 

143  trastuzumab  to  chemotherapy  increases  both  the  disease-free  and  overall  survival 

144  [41].  Aside  from  trastuzumab  there  is  also  pertuzumab,  which  is  a  monoclonal 

145  antibody  against  HER2  that  blocks  dimerization  with  HER1  and  HER3 

146  [42].  Although  pertuzumab  has  therapeutic  activity  in  HER2  positive  breast  cancer 

147  patients,  combination  therapy  with  trastuzumab  has  proven  to  be  more  effective 

148  [43].  Ertumaxomab  is  another  monoclonal  antibody  against  HER2  that  has 

149  demonstrated  strong  immunological  responses  in  HER2  positive  breast  cancer 

150  patients  in  phase  I  clinical  trial  [44]. 

151  Aside  from  monoclonal  anti-HER2  antibodies,  the  use  of  tyrosine  kinase 

152  inhibitors  to  target  HER2  is  proving  to  be  effective.  In  particular,  lapatinib,  a  dual 

1 53  tyrosine  kinase  inhibitor  of  both  HER1  and  HER2  and  of  Akt  and  mitogen-activated 


Author's  Proof 

An  Evolving  Model  of  Acquired  Resistance  to  SERMs  and  Aromatase  Inhibitors  147 

protein  kinase  (MAPK),  has  been  demonstrated  to  inhibit  cell  growth  and  induce 
apoptosis  in  several  breast  cancer  cell  lines  [45].  Results  from  phase  I  and  II  clinical 
trials  have  shown  that  lapatinib  has  therapeutic  value  in  a  number  of  tumors,  in 
particular  in  breast  cancer  patients  [46-48].  In  a  xenograft  mouse  model,  lapatinib 
is  able  to  prevent  tamoxifen  resistance  [49],  showing  the  role  of  increased  growth 
factor  signaling  pathways  in  resistance  [50]  and  the  potential  benefit  of  targeting  the 
increased  growth  factor  signaling  to  reverse  tamoxifen  resistance  in  the  clinic.  A 
systemic  review  of  the  databases  from  clinical  trials  (including  phase  III) 
demonstrates  that  combination  therapy  of  HER2-positive  HR-positive  metastatic 
breast  cancers  in  postmenopausal  women  with  lapatinib  and  anastrozole  is  superior 
to  lapatinib  monotherapy  and  superior  to  tamoxifen  treatment  [51]. 

Thus,  it  is  now  clear  that  exogenous  inhibitors  of  the  HER- signaling  network  and 
other  mitogenic  pathways  can  abrogate  or  improve  the  response  rate  of  breast 
cancer  with  acquired  resistance  [52]. 


An  Evolving  Model  of  Acquired  Resistance  to  SERMs 
and  Aromatase  Inhibitors 

The  transplantable  model  of  acquired  tamoxifen  resistance  in  ER-positive  breast 
cancer  cell  lines  develops  within  about  a  year  [28,  53].  This  is  the  same  time  that 
resistance  to  tamoxifen  treatment  occurs  in  ER-positive  metastatic  breast  cancer. 
Thus,  the  model  recapitulates  acquired  resistance  to  tamoxifen  in  metastatic  breast 
cancer,  and  therapeutic  studies  in  the  mice  mimic  the  second-line  responses  of 
tumors  in  aromatase  inhibitors  or  fulvestrant  after  tamoxifen  failure  in  clinical  trial 
[54,  55].  The  laboratory-derived  tumor  of  acquired  resistance  to  tamoxifen  does  not 
grow  without  physiologic  estrogen  action.  This  is  induced  by  the  fact  that  no 
estrogen  treatment  maybe  like  aromatase  inhibitor  treatment  or  a  pure  antiestrogen 
ICI  164,384  (the  lead  compound  that  resulted  in  fulvestrant  [56,  57])  blocks  tumor 
growth  [58]. 

At  this  time,  in  the  mid-1980s,  it  was  clear  that  long-term  adjuvant  tamoxifen 
therapy  for  years  or  indefinitely  [59-61]  was  showing  promise  for  enhanced 
survival,  and  there  was  no  early  recurrence  of  micrometastatic  disease  as  a  result 
of  the  development  of  early  acquired  resistance.  Something  was  conceptually 
wrong  with  the  link  between  the  endocrine  treatment  of  metastatic  breast  cancer 
with  its  greater  bulk  and  the  responsiveness  of  micrometastatic  disease  that  is 
undetectable  during  adjuvant  therapy. 

One  plausible  explanation  was  proposed  in  the  early  1990s  based  on  the 
transplantable  model  of  acquired  resistance  to  tamoxifen  maintained  through  serial 
transplantations  into  further  generations  of  tamoxifen-treated  year  after  year 
athymic  mice.  After  about  5  years  of  retransplantations,  the  tamoxifen- stimulated 
MCF-7  tumors  changed  their  survival  characteristics  and  responsiveness  to  estro¬ 
gen.  Physiologic  estrogen  was  no  longer  a  survival  signal  causing  tumor  growth  in 


154 

155 

156 

157 

158 

159 

160 

161 

162 

163 

164 

165 

166 

167 

168 

169 

170 

171 

172 

173 

174 

175 

176 

177 

178 

179 

180 

181 

182 

183 

184 

185 

186 

187 

188 

189 

190 

191 

192 

193 


Author's  Proof 


148 


9  Acquired  Resistance  to  Tamoxifen:  Back  to  the  Beginning 


194 

195 

196 

197 

198 

199 

200 
201 
202 

203 

204 

205 

206 

207 

208 

209 

210 
211 
212 

213 

214 

215 

216 

217 

218 


Regression  of  MCF-7  Tamoxifen 
stimulated  tumors  after 
administration  of  estradiol 


Regression  and  regrowth  of 
Tamoxifen  stimulated  tumors 
during  estradiol  treatment 


Fig.  9.1  Cyclic  changes  in  sensitivity  and  resistance  of  breast  tumors  grown  in  vivo  after 
treatments  with  tamoxifen  and  estradiol 

the  animals  [28]  but  rather  an  inhibitor  of  tumor  growth  causing  small  tamoxifen- 
stimulated  tumors  to  just  melt  away  [62]  (Fig.  9.1).  It  was  suggested  that  following 
long-term  adjuvant  tamoxifen  therapy,  it  was  actually  the  act  of  stopping  tamoxifen 
that  reinforced  and  enhanced  patient  survival  [63].  A  woman’s  own  estrogen  was 
now  killing  the  prepared  and  sensitized  micrometastasis.  Further  study  expanded 
the  hypothesis  to  become  a  cyclical  event  with  physiologic  estrogen  causing  the 
destruction  of  a  novel  form  of  acquired  antiestrogen  resistance,  but  then  the  tumor 
was  again  responsive  to  antihormonal  therapies  such  as  aromatase  inhibitors  or 
indeed  tamoxifen  treatment  (Fig.  9.1).  It  was  suggested  that  physiologic  estrogen 
could  be  used  as  a  salvage  therapy  [64].  However,  this  was  extremely  controversial. 
The  suggestion  that  administering  estradiol  to  breast  cancer  patients  after  failing 
repeated  antihormone  therapies  for  breast  cancer  was  unacceptable  to  IRBs  in  the 
1990s  and  especially  so  to  women’s  advocate  groups.  Nevertheless,  with  the 
therapeutic  drift  from  tamoxifen  to  the  aromatase  inhibitors  during  the  first  decade 
of  the  twenty-first  century,  acquired  resistance  to  estrogen  deprivation  became  an 
important  scientific  issue. 

In  the  1970s  and  1980s,  Richard  Santen  [65,  66]  had  systematically  and  rigor¬ 
ously  examined  the  clinical  endocrine  pharmacology  of  aminoglutethimide  as  an 
inhibitor  of  estrogen  production,  but  the  drug  was  not  specific  from  the  aromatase 
enzyme  and  glucocorticoids  had  to  be  coadministered.  Angela  Brodie  had 
pioneered  the  practical  applications  of  developing  specific  drugs  to  destroy  the 
aromatase  enzyme  first  in  the  1970s  at  the  Worcester  Foundation  and  subsequently 
at  the  University  of  Maryland.  Her  discovery  of  the  properties  of 
4-hydroxyandrostenedione  went  from  the  laboratory  to  clinical  trial  with  approval 
in  Europe  [67-70].  The  new  aromatase  inhibitors  started  to  become  the 
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antihormonal  standard  of  care  as  long-term  adjuvant  therapy  attention  turned  to 
acquired  drug  resistance.  Santen’s  group  reported  that  long-term  estrogen-deprived 
(LTED)  cells  from  the  MCF-7  line  would  respond  to  estrogen  in  vitro  initially 
claimed  to  have  “acquired  hypersensitivity”  to  minute  amounts  of  estrogen  in  the 
environment  to  accomplish  an  apparent  “estrogen-independent  growth  response” 
[71,  72].  Santen  would  subsequently  show  that  LTED  cells  would  respond  to 
estrogen  with  apoptosis  [73].  This  was  an  explanation  of  Haddow ’s  original  chemi¬ 
cal  therapy  for  breast  cancer,  i.e.,  high-dose  estrogen  to  treat  postmenopausal 
patients  with  metastatic  breast  cancer  [74,  75].  However,  the  new  twist  was  that 
the  antihormone  therapies  has  now  sensitized  breast  cancer  cells  to  low  doses  of 
estrogen  therapy,  perhaps  in  the  physiologic  range.  This  concept  could  be  used  in 
the  clinic  as  a  salvage  therapy  and  to  explain  the  paradoxal  new  data  with  the 
estrogen  replacement  (CEE)  in  the  Women’s  Health  Initiative  (WHI)  of  hysterec¬ 
tomized  women  [76].  There  were  fewer  breast  cancers! 


Back  to  the  Beginning 

Paul  Ehrlich  created  the  first  chemical  therapy  (chemotherapy)  when  he  discovered 
Salvarsan  for  the  treatment  of  syphilis  in  the  later  part  of  the  nineteenth  century.  In 
the  early  years  of  the  twentieth  century,  he  turned  his  attentions  to  treating  cancer 
and  chose  to  develop  animal  models  to  facilitate  drug  testing.  He  had  created  this 
successful  translational  research  process  with  his  work  on  syphilis,  so  why  not  build 
on  success?  The  year  before  his  death  in  1915,  Ehrlich  conceded  defeat  stating,  “I 
have  wasted  15  years  of  my  life  on  experimental  cancer  research.” 

Sir  Alexander  Haddow  accepted  the  challenge  in  the  1940s  when  he  found  that 
carcinogenic  polycyclic  hydrocarbons  cause  tumor  regression  in  animal  models. 
Clearly,  it  was  not  going  to  be  possible  to  use  these  same  hydrocarbons  in  patients, 
but  he  reasoned  that  the  new  synthetic  estrogens  diethylstilbestrol  and  the  tripheny- 
lethylenes  had  multiple  phenyl  rings,  so  he  tested  them.  Tumor  regressions 
occurred  in  the  animals,  so  high-dose  estrogen  therapy  was  tested  in  patients  and 
produced  therapeutic  effect  in  about  30  %  of  metastatic  breast  cancer  in  postmeno¬ 
pausal  women  over  60  [74].  High-dose  estrogen  therapy  remained  the  palliative 
treatment  of  choice  until  tamoxifen  become  the  standard  of  care,  and  because  it  was 
safer  and  therefore  more  versatile,  its  applications  extended  to  long-term  adjuvant 
therapy  and  chemoprevention  during  the  1980s  [3,  77]. 

Returning  to  high-dose  estrogen  therapy  pre-tamoxifen,  Haddow  was  the  inau¬ 
gural  Karnofsky  Memorial  Lecturer  at  ASCO  [78,  79].  In  his  lecture,  Haddow 
expressed  his  concern  about  progress  in  cancer  therapeutics.  He  did  not  believe 
there  would  ever  be  a  cancer- specific  target  as  Ehrlich  had  proposed;  cancer  was 
self,  Haddow  reasoned,  unlike  the  story  of  antibiotics  that  could  be  tested  in  the 
laboratory  to  determine  the  correct  antibiotic  for  the  appropriate  treatment  of  the 
actual  disease.  The  crude  cancer  therapies  were  nonspecific  and  tried  on  the  patient 
as  the  only  way  to  determine  whether  the  tumor  was  sensitive  or  not.  He  stated: 
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tl.1  Table  9.1  Objective  response  rates  in  postmenopausal  women  with  metastatic  breast  cancer 
undergoing  high  dose  estrogen  therapy.  The  patients  were  divided  based  on  years  after  menopause 
(Basil  Stoll.  Breast  Cancer  Management  Early  and  Late.  William  Herman  Medical  Books  Ltd., 
London  pp.  133-146) 


tl  .2 

Age  since  menopause 

Patient  #’s 

%  Regression 

tl  .3 

Postmenopausal  0-5  years 

63 

9% 

tl  .4 

Postmenopausal  >  5  years 

344 

35  % 

260  the  need  exists  for  some  method  of  prior  screening  to  indicate  the  optimal  choice  (of 

261  chemotherapy)  in  particular  cases  . . .  efforts  thus  far  have  been  disappointing. 

262  He  also  stated: 

263  ...  the  extraordinary  extent  of  tumour  regression  observed  in  perhaps  1  %  of  post- 

264  menopausal  cases  (with  oestrogen)  has  always  been  regarded  as  of  major  theoretical 

265  importance,  and  it  is  a  matter  for  some  disappointment  that  so  much  of  the  underlying 

266  mechanisms  continues  to  elude  us  ...  [79] 

267  The  one  bright  glimmer  of  hope  reason  was  the  fact  that  high-dose  DES  was 

268  extremely  effective  in  some  breast  cancers.  Haddow,  it  should  be  noted,  also  used 

269  his  preliminary  data  [74]  to  conduct  a  multicentric  clinical  trial  through  the  Royal 

270  Society  of  Medicine.  He  had  a  discovery: 

271  When  the  various  reports  were  assembled  at  the  end  of  that  time,  it  was  fascinating  to 

272  discover  that  rather  general  impression,  not  sufficiently  strong  from  the  relatively  small 

273  numbers  in  any  single  group,  became  reinforced  to  the  point  of  certainty;  namely,  the 

274  beneficial  responses  were  three  times  more  frequent  in  women  over  the  age  of  60  years  than 

275  in  those  under  that  age;  that  oestrogens  may,  on  the  contrary,  accelerate  the  course  of 

276  mammary  cancer  in  younger  women,  and  that  their  therapeutic  use  should  be  restricted  to 

277  cases  5  years  beyond  the  menopause.  Here  was  an  early  and  satisfying  example  of  the 

278  advantages  which  may  accrue  from  cooperative  clinical  trial. 

279  This  observation  in  clinical  practice  was  supported  by  Dr.  Basil  Stoll  whose 

280  personal  experience  with  high-dose  DES  for  the  treatment  of  metastatic  breast 

281  cancer  in  postmenopausal  women  replicated  Haddow’s  observations  (Table  9.1). 

282  Thus,  estrogen  deprivation  is  the  key  to  success  for  estrogen  therapy,  both  for  the 

283  clinical  use  of  high-dose  therapy  and  for  the  interpretation  of  the  CEE  trial  alone  in 

284  the  WHI  [76].  The  women  in  the  trial  were  an  average  68  years  of  age!  But  can  we 

285  now  seek  a  mechanism  for  the  chain  of  events  that  causes  the  estrogen-ER  complex 

286  to  trigger  apoptosis? 


287  Mechanisms  of  Estrogen-Induced  Apoptosis 

288  Studies  of  the  molecular  mechanisms  of  estradiol-induced  apoptosis  have  occurred 

289  only  during  the  last  decade.  The  study  by  Santen’s  group  showed  that  estrogen 

290  increases  Fas  ligand  in  LTED  MCF-7  [73]  cells  but,  by  contrast,  estradiol  increases 

291  Fas  receptor  in  apoptotic  long-term  tamoxifen-resistant  (phase  II)  MCF-7  tumors  [80] , 
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both  pointing  to  an  extrinsic  mechanism  through  “death  receptors.”  However,  these 
early  studies  were  not  time  dependent  but  only  snapshots  of  the  apoptosis  process  at 
random  times. 

During  the  early  1990s,  a  couple  of  important  estrogen-deprived  cell  lines  were 
cloned  from  a  cell  population  of  MCF-7:WS8s  following  long-term  (>1  year) 
estrogen  deprivation  in  phenol-red-free  media  containing  triple  charcoal  stripped 
serum.  The  two  cell  lines  MCF-7:5C  [81]  and  MCF-7:2A  [82]  were  created  in  the 
anticipation  of  eventually  being  able  to  elucidate  resistance  to  aromatase  inhibitors, 
but  they  were  placed  in  liquid  nitrogen  and  stored  for  that  day. 

Lewis  and  coworkers  [83]  focused  efforts  in  vitro  on  the  MCF-7:5C  cell  line  to 
describe  the  development  of  early  apoptotic  responses  to  estradiol.  Rapid  apoptotic 
events  occurred  at  the  intrinsic  mitochondrial  level  with  release  of  cytochrome  C 
and  a  rise  in  proapoptotic  gene  products  (BAX,  BIM,  and  NOXA).  Apoptosis 
was  completely  blocked  by  both  fulvestrant  (that  destroys  the  cellular  ER)  and 
4-hydroxytamoxifen,  though  the  latter  SERM  did  not  affect  the  cell  cycle  in 
MCF-7:5C  cells  (i.e.,  these  cells  are  resistant  to  SERMs).  Flow  cytometry  was 
used  to  confirm  the  development  of  estrogen-induced  apoptosis  with  increased 
annexin  V  and  DAPI  staining  was  used  to  confirm  apoptosis  by  microscopy. 

The  MCF-7:2A  cells  only  slowly  go  through  apoptosis  during  the  second  week 
of  estradiol  treatment  but  this  can  be  accelerated  by  using  buthionine  sulfoximine 
(BSO)  to  prevent  glutathione  synthesis  [84].  The  reduction  of  mechanisms  to 
protect  cells  from  reactive  oxygen  species  is  clearly  an  important  protective  mea¬ 
sure  to  ensure  survival  of  aromatase  resistant  cells. 

The  unique  cell  lines  that  are  so  sensitive  either  to  estradiol-induced  growth 
MCF-7:WS8  or  rapidly  apoptotic  MCF-7:5C  cells  and  slowly  apoptotic  MCF-7:2A 
cells  have  formed  the  foundations  for  an  extensive  study  of  the  mechanistic  studies 
of  basal  gene  levels  of  activations  between  estrogen-responsive  and  estrogen- 
independent  cell  growth  and  the  timed  gene  responses  of  all  those  cell  lines  over 
a  96-h  period  and  the  rate  of  gene  activation  of  the  MCF-7:2A  cells  over  the  second 
week  of  estrogen  exposure  [85]. 

Eric  Ariazi  at  the  Fox  Chase  Cancer  Center  working  with  Heather  Cunliffe  at 
Translational  Genomics  in  Arizona  created  a  superb  Agilent  gene  array  database  for 
a  “movie”  of  pathway  analysis  in  the  life  and  death  of  breast  cancer  cells.  Essen¬ 
tially  the  study  [85]  creates  a  sequenced  cooperative  enrichment  analysis  of  inflam¬ 
matory  responses,  ER  signaling,  inflammation,  and  folding  protein  responsiveness 
in  the  endoplasmic  reticulum  during  the  timed  move  to  full  apoptosis.  Ping  Fan  has 
described  AP- 1  synthesis  and  activation  to  initiate  apoptosis  through  the  accumu¬ 
lation  of  reactive  oxygen  species  (ROS),  all  of  which  can  be  blocked  by 
4-hydroxytamoxifen  or  paradoxically  a  cSrc  inhibitor  [86].  But  with  the  cascade 
of  caspases  created  by  estrogen  action  in  MCF-7:5C  cells  and  its  modulations  by 
arachidonic  acid  [85],  the  question  must  be  asked:  “What  is  it  about  the  ER  that 
triggers  apoptosis  in  the  correctly  conditioned  estrogen-deprived  cells?”  To  address 
the  question  and  find  an  answer,  one  must  first  examine  the  relationship  between  the 
ligand,  the  ER  and  the  actual  shape  of  the  ER  complex.  It  is  this  interrogation  that 
exposed  the  mechanism  of  the  “Haddow  paradox”  [79]. 
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337  A  New  Classification  of  Estrogens 

338  The  crystallization  of  the  human  ER  ligand-binding  domain  with  estradiol,  raloxi- 

339  fene  [87]  diethylstilbestrol  and  4-hydroxytamoxifen  [88]  precisely  revealed  the 

340  nature  of  the  structural  changes  in  the  ER  complex  to  create  a  mechanism  of 

341  estrogen  action  that  neatly  dovetailed  with  the  structure- activity  relationships  first 

342  described  for  modulation  with  the  prolactin  gene  by  the  ER  complex  [35,  89-92] 

343  and  the  studies  of  the  modulation  of  the  transforming  growth  factor-alpha  (TGF-a) 

344  gene  by  mutant  ER-a  in  the  1990s  [93,  94]  and  the  2000s  [95-98].  Simply 

345  summarized,  these  studies  defined  the  interaction  of  antiestrogenic  side  chains, 

346  correctly  positioned  to  interact,  neutralize,  or  shield  the  exposed  amino  acid 

347  351  once  the  activation  function-2  (AF-2)  binding  site  for  coactivators  on  helix 

348  12  has  been  pushed  open  like  the  jaws  of  a  crocodile.  Pharmacologically,  the 

349  angular  triphenylethylenes  that  form  the  backbone  of  the  SERMs  only  become 

350  antiestrogenic  at  appropriate  target  sites  like  the  breast  or  uterus  with  a  correctly 

351  positioned  side  chain. 

352  But  it  was  Geoffrey  Greene  [88]  who  used  the  phrase  “the  bulky  antiestrogenic 

353  side  chain”  that  created  our  next  conceptual  advance,  as  the  antiestrogenic  side 

354  chain  was  a  finger  like  alkylaminoethoxy  side  chain,  a  trivial  amount  of  molecular 

355  “bulk.”  However,  Greene  was  including  the  nonplanar  phenyl  ring!  We 

356  hypothesized  that  the  planar  and  angular  nonsteroidal  estrogens  would  fit  the  ER 

357  ligand-binding  domain  differently.  All  estrogens  were  not  equal.  A  precise 

358  biological  assay  of  two  different  cell  lines  derived  using  the  ER-negative 

359  MDA-MB-231  cell  line  either  stably  transfected  with  wild-type  ER  or  the  asp 

360  35  lgly  mutant.  Planar  (class  I)  estrogens  such  as  DES  and  estradiol  and  nonplanar 

361  (class  II)  triphenylethylene  estrogens  were  compared  and  contrasted  to  switch  on  or 

362  off  the  TGF-a  gene.  The  results  were  a  simple  yes/no  answer.  A  planar  estrogen 

363  (class  I)  would  easily  fit  in  the  binding  pocket  of  the  LBD  to  activate  AF 

364  2  coactivator  binding  formed  from  a  closed  helix  12  sealing  the  ligand  inside. 

365  Both  cell  lines  would  activate  TGF-a.  In  contrast,  the  estrogen-like  activity  of 

366  4-hydroxytamoxifen  with  a  short  antiestrogenic  side  chain  results  from  the  nega- 

367  tively  charged  aspartate  351  communicating  with  AF-1  to  cause  estrogen  action 

368  (weak  as  it  is)  and  activation  of  the  TGF-a  gene.  In  the  cells  with  the  asp351gly 

369  mutation,  there  would  be  no  activation  of  TGF-a  [99] .  A  triphenylethylene  estrogen 

370  had  some  estrogen  action  with  wild-type  ER  and  an  exposed  asp  351,  but  with  the 

371  asp  351  gly  mutant  with  no  charge,  there  was  none  [99].  It  was  proof  that  the  shape 

372  of  the  ER  complex  with  a  triphenylethylene  had  a  pushed  back  helix  12.  Simply 

373  stated,  crocodile  jaws  closed  for  a  class  I  estrogen,  jaws  open  for  a  class  II  estrogen. 

374  In  the  paper,  it  was  stated  that  the  authors  had  no  idea  what  this  would  mean  in 

375  biology  [99]  but  there  was  a  claim  that  it  could  be  important.  We  showed  the  effect 

376  was  reproducible  by  classifying  the  estrogen-like  contaminant  of  the  nonsteroidal 

377  didesmethyl  methoxychlor  (DDM)  as  a  class  2  estrogen  [100]. 

378  However,  the  fact  that  4-hydroxytamoxifen  completely  blocked  the  action  of 

379  estradiol  to  cause  apoptosis  in  MCF-7:5C  cells  opened  the  door  to  prove  that  shape 
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mattered  for  the  estrogen-ER  complex  to  trigger  apoptosis.  Did  the  “jaws  of  the 
crocodile”  need  to  be  closed  to  trigger  apoptosis? 

The  first  clue  that  the  hypothesis  was  going  to  prove  to  be  correct  and  control 
apoptosis  was  the  triphenylethylene  estrogen-ER  complexes  were  shown  not  to 
be  down  regulated  in  MCF-7  cells  like  estradiol,  but  to  accumulate  like 
4-hydroxytamoxifen.  The  ER  complex  for  these  nonplanar  estrogens  was  like  an 
antiestrogen!  The  shape  of  the  ER  with  different  types  of  estrogen  did,  in  fact, 
control  an  important  biological  process — estrogen-induced  apoptosis!  Further  stud¬ 
ies  exhaustively  demonstrated  that  the  triphenylethylenes  stimulated  the  growth  of 
MCF-7  cells  just  like  estradiol,  but  with  less  potency,  and  confirmed  and  massively 
expanded  earlier  studies  that  triphenylethylene  estrogens  did  block  apoptosis. 
Triphenylethylene  complex  with  ER  did  not  bind  the  coactivator  SRC- 3  as  avidly 
at  the  promoter  regions  of  estrogen-responsive  genes  [101],  and  these  data 
beautifully  confirmed  the  observation  in  complimentary  studies  that  SRC-3  was 
important  for  estrogen-induced  apoptosis  [102].  By  studying  SRC3-interacting 
proteins,  one  could  decipher  the  early  events  in  estrogen-induced  apoptosis 
in  vitro  [102]  and  in  vivo  (...). 

However,  during  this  conversation  with  nature  to  decipher  the  mechanism  of 
estrogen-induced  apoptosis,  very  important  one  fact  was  inconsistent.  If  estrogenic 
triphenylethylenes  block  estrogen-induced  apoptosis  in  a  cell  like  MCF-7 :5C  in  the 
laboratory,  then  why  did  Haddow  observe  his  best  responses  with  estrogen-induced 
tumor  regress  with  estrogenic  triphenylethylenes  used  for  the  treatment  of  meta¬ 
static  breast  cancer  in  late  postmenopausal  women  [74]?  A  clinical  reality  with 
tumor  regression  with  estrogen  trumps  a  laboratory  study  every  time!  This  incon¬ 
sistency  was  solved  with  that  the  triphenylethylenes  kill  the  cells  in  culture  in 
2  weeks.  The  time  course  is  extended  with  class  II  angular  estrogens  so  the 
triggering  process  is  only  occurring  slowly.  In  the  patient  the  long-term  retention 
and  storage  of  triphenylethylenes  in  a  woman’s  body  fat  provides  a  continuous  high 
estrogen  environment  to  produce  optimal  antitumor  actions.  A  conversation  with 
nature  does  work! 


Final  Thoughts  on  Four  Decades  of  Discovery  to  Advance  the 
Value  of  the  ER  Target  in  Breast  Cancer 

We  begin  and  end  our  story  with  the  actions  of  synthetic  estrogens  to  kill  breast 
cancer  cells  that  have  been  prepared  for  sacrifice  through  estrogen  deprivations. 
The  best  current  example  of  the  value  of  this  knowledge  in  women’s  health  are  the 
results  of  the  Women’s  Health  Initiative  with  conjugated  equine  estrogens  alone  in 
hysterectomized  women  to  reduce  breast  cancer  incidence  and  mortality  for  women 
in  their  mid-60s  [76].  The  40  years  starting  with  the  development  of  tamoxifen  from 
a  failed  contraceptive  to  being  the  gold  standard  that  saved  the  lives  of  millions  of 
women  through  the  prudent  application  of  the  laboratory  principle  of  long-term 
adjuvant  therapy  [2]  resulted  in  the  mandatory  laboratory  study  of  acquired  drug 
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421  resistance  to  long-term  tamoxifen  therapy.  Acquired  resistance  would  surely  occur, 

422  but  no  one  could  have  predicted  the  development  of  tamoxifen- stimulated  breast 

423  cancer  growth  or  the  evolution  of  acquired  resistance  to  expose  a  fatal  vulnerability 

424  in  breast  cancer  so  that  physiologic  estrogen  triggered  apoptosis.  Each  discovery 

425  was  in  the  hands  of  young  scientists  as  generations  of  Tamoxifen  Teams  that  turned 

426  ideas  into  lives  saved.  Progress  occurred  through  their  outstanding  skill  in  the 

427  laboratory  and  the  philosophy  that  if  Nature  gives  us  the  “wrong  answer”  to  our 

428  question,  Nature  does  not  lie.  The  answer  is  the  true  answer  to  the  question  that 

429  must  be  considered  as  the  solution  to  the  problem  to  be  solved. 

430  Postscript.  During  his  Ph.D.  training,  Doug  Wolf  discovered  multiple  valuable 

431  clues  to  understand  SERMs,  drug  resistance,  and  estrogen-induced  apoptosis,  but  at 

432  the  time  all  of  this  was  speculative  with  no  real  basis  in  scientific  fact.  The  two 

433  discoveries  that  Doug  contributed  were  both  serendipity.  In  fact,  all  advances  are 

434  serendipity  in  basic  science,  but  it  is  the  recognition  of  the  new  knowledge  that 

435  becomes  the  key  to  discovery.  One  spots  the  clue  and  expands  on  the  observation 

436  because  it  is  a  “conversation  with  Nature.”  The  unimaginative  scientist  throws  the 

437  clue  away  as  it  does  not  fit  the  model  of  what  is  correct  or  incorrect  in  their  mind  at 

438  the  time. 

439  In  a  search  for  mechanisms  to  explain  acquired  tamoxifen  resistance,  Doug  was 

440  focused  in  two  directions  in  his  Ph.D.  thesis.  The  two  main  questions  were  as 

441  follows:  “Is  acquired  drug  resistance  to  tamoxifen  because  a  mutation  of  the 

442  estrogen  receptor  occurs  to  change  the  pharmacology  of  tamoxifen  from  an 

443  antiestrogen  to  an  estrogen?”  and  secondly  “What  growth  factor  receptors  and 

444  receptor  signal  transduction  pathways  are  responsible  for  estradiol- stimulated 

445  growth  of  tumors  with  acquired  tamoxifen  resistance  and  does  tamoxifen  use  the 

446  same  pathways  as  estradiol?” 

447  To  address  the  issue  of  a  mutation  of  the  ER  enhancing  the  estrogen-like  effects 

448  of  tamoxifen,  Doug  created  a  number  of  tamoxifen- stimulated  tumor  lines  and 

449  screened  them  for  ER  mutations  [62].  All  tumor  lines  had  wild- type  ER  except  one 

450  with  a  large  proportion  of  an  ER  with  an  asp  351  tyr  mutation  [62,  103].  We  had  a 

451  no  idea  at  the  time  what  this  was  going  to  mean  for  understanding  the  mechanics  of 

452  SERM  action  but  it  was  destined  to  be  profound.  Bill  Catherino,  an  M.D.,  Ph.D. 

453  student  in  my  laboratory  at  Wisconsin,  subsequently  created  the  BC-2  stably 

454  transfected  cell  line  in  MDA-MB-231  cells  using  a  cDNA  for  the  mutant  receptor 

455  [104] .  Anna  Levenson,  a  postdoctoral  fellow  and  then  a  research  assistant  professor 

456  at  Northwestern  used  a  transforming  growth  factor  (TGF)-a  target  (discovered  by 

457  Mei  Huey  Jeng)  [105]  to  compare  and  contrast  the  estrogenic  and  antiestrogenic 

458  action  of  tamoxifen  and  raloxifene.  The  Asp351Tyr  ER  turned  out  to  be  the  first 

459  and,  to  date,  the  only  natural  mutation  of  the  human  ER  to  change  the  pharmacol- 

460  ogy  of  a  nonsteroidal  antiestrogen  from  a  complete  antiestrogen  to  an  estrogen  [93, 

461  106].  We  were  mystified  why  a  mutation  buried  in  the  ligand-binding  domain 

462  (LBD)  of  the  ER  could  influence  the  pharmacology  of  raloxifene,  but  the  reason 

463  became  clear  with  the  subsequent  publications  of  the  crystal  structure  of  the 

464  raloxifene-ER  LBD  [87].  However,  if  one  examines  the  X-ray  crystallography  in 

465  the  papers  it  is  almost  impossible  to  interpret  in  “the  real  world”  of  protein-protein 
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interactions.  That  is  for  the  outside!  The  fact  that  we  realized  that  Asp  351  was  a 
surface  amino  acid  on  the  ER  complex  was  the  key  to  finding  the  “antiestrogen 
region”  was  had  predicted  in  paper  published  15  years  earlier  [90,  107].  But  the 
discovery  was  by  chance  and  this  chance  created  opportunities  for  a  productive 
scientific  collaboration.  I  had  been  invited  to  Signal  Pharmaceuticals  in  California 
to  discuss  a  new  SERM,  but  as  I  was  waiting  for  my  taxi  to  take  me  to  my  hotel,  I 
started  to  wander  the  corridors  and  struck  up  a  conversation  with  a  young  man  Jim 
Zapf  who  was  “playing”  on  his  computer.  “What  do  you  do?”  says  I.  Jim  replied,  “I 
do  docking  of  ligands  with  the  ER  ligand  binding  domain.”  “OK,”  I  said.  “How 
good  is  your  program?  Can  you  show  me  the  outside  of  the  ER  complex  dimer — 
this  is  what  other  proteins  see?”  “No  problem,”  Jim  replies.  “Let  me  ask  you  this. 
Color  in  where  helix  12  is  with  the  estradiol  or  raloxifene  ER  complex?”  In  a 
second  or  two  I  exclaim,  “It  really  is  the  crocodile  model  of  estrogen  and 
antiestrogen  action.”  We  had  proposed  this  15  years  earlier  [90].  “OK  so  where  is 
aspartate  351  in  the  estradiol  ER  complex?”  I  inquired.  Jim  replies,  “It’s  here  under 
helix  12  on  the  surface  of  the  complex  but  it  does  not  play  a  role.”  As  we  switch  to 
the  raloxifene-ER  complex,  the  significance  of  aspartate  351  was  clear  through  its 
interaction  with  the  “antiestrogenic  side  chain”  of  raloxifene.  The  pyrolidine  ring 
shields  and  neutralized  the  aspartate  producing  a  complete  antiestrogen,  but  tamox¬ 
ifen  has  a  side  chain  that  is  a  few  A  shorter  and  cannot  do  the  job  completely  and  is 
promiscuous  with  estrogen-like  actions.  This  chance  meeting  resulted  in  collabora¬ 
tion  and  a  half  a  dozen  publications  of  ER  modulation.  We  subsequently 
interrogated  the  ligand  asp  351  interactions  (Chap.  5,  Postscript)  and  this  was 
reviewed  by  Levenson  [108]. 

One  of  the  Doug’s  other  tasks  was  to  utilize  the  Marco  Gottardis  athymic  mouse 
model  of  acquired  resistance  to  tamoxifen  [28]  to  discover  the  growth  factor 
pathways,  responsible  for  estradiol  or  tamoxifen- stimulated  tumor  growth.  At  this 
time,  in  the  early  1990s,  growth  factor  signaling  was  the  fashion  [109]  and  primar¬ 
ily  spearheaded  by  Dr.  Marc  E.  Lippman  who  had  just  become  the  director  of  the 
Lombardi  Cancer  Center  in  Washington,  DC.  He  had  moved,  with  all  his  staff,  from 
the  National  Cancer  Institute  in  Bethesda  where  he  was  the  head  of  the  Breast 
program.  Doug’s  project  was  simple.  Grow  up  some  of  the  tamoxifen- stimulated 
tumors  with  tamoxifen  in  athymic  mice  and  then  switch  to  either  tamoxifen  or 
physiologic  estrogen  released  from  subcutaneous  capsules.  Then,  harvest  growing 
tumors  and  measure  all  known  growth  factors  and  their  receptors  to  answer  the 
question:  “Is  estrogen  or  tamoxifen  induced- growth  stimulated  by  the  same  or 
different  growth  factors?”  The  tumors  did  not  grow  with  physiologic  estradiol; 
they  disappeared — they  just  melted  away  in  a  few  weeks!  I  suggested  that  the 
long-term  tamoxifen  exposure  had  somehow  accelerated  a  natural  sensitivity  to 
estrogen-induced  tumor  cell  death.  It  was  the  explanations  of  Haddow’s  landmark 
observation  in  patients  50  years  before  [74,  78]!  These  data  at  Wisconsin  [63]  were 
presented  at  the  St.  Gallen  Breast  Cancer  Conference  in  1992  and  were  replicated  at 
Northwestern  by  a  superb  team  of  resident  surgeons  Kathy  Yao,  Eun-Sook  Lee, 
Dave  Bertram,  Gale  England,  a  medical  oncology  fellow  Ruth  O’ Regan,  and  my 
Ph.D.  student  Jennifer  MacGregor  Shafer  [64].  Their  data  showed  that  Doug’s  work 
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51 1  was  reproducible  and  the  phenomenon  occurred  over  a  5-year  period  (i.e.,  in  the  last 

512  2  years  of  transplantation  in  tamoxifen-treated  mice).  Gale  England  showed  this 

513  beautifully  in  her  notebook  and  Dave  Bentram  stepped  in  to  perform  biotransplant 

514  tumor  experiments  requested  by  the  referees  for  Kathy  Yao’s  paper  [64].  They 

515  thought  the  animals  had  changed,  not  the  tumor.  Dave  showed  that  it  was  the  tumor, 

516  not  the  animals.  These  data  opened  a  new  door  of  discovery  for  the  next  decade  with 

517  the  exploitation  of  the  principle  of  successfully  treating  patients  with  acquired 

518  antihormone  therapy  with  low  doses  of  estradiol  [110],  the  study  of  mechanisms 

519  [73,  80,  83,  85,  111]  that  answered  Haddow’s  statement  of  dismay  in  his  1971 

520  Karnofsky  lecture: 

521  ...  the  extraordinary  extent  of  tumour  regression  observed  in  perhaps  1  %  of  post- 

522  menopausal  cases  (with  oestrogen)  has  always  been  regarded  as  of  major  theoretical 

523  importance,  and  it  is  a  matter  for  some  disappointment  that  so  much  of  the  underlying 

524  mechanisms  continues  to  elude  us  . . . 

525  I  was  thrilled  to  be  selected  as  the  38th  winner  of  the  Karnofsky  Memorial 

526  Lecture  and  selected  as  my  title,  “The  paradoxical  actions  of  estrogen  in  breast 

527  cancer:  survival  or  death?”  As  Haddow  and  I  were  (are)  British  and  my  Tamoxifen 

528  Team  have,  through  serendipity,  now  discovered  the  molecular  mechanism  of 

529  estrogen-induced  apoptosis,  this  seemed  to  me  to  be  the  appropriate  tribute  to  his 

530  pioneering  advance  in  chemical  therapy. 

531  Our  subsequent  work  also  provided  the  basis  for  the  explanation  of  the  antitumor 

532  effects  of  physiologic  estrogen  when  used  as  estrogen  replacement  therapy  [76].  A 

533  valuable  conversation  with  nature  that  could  have  been  so  easily  abandoned  in  1993 

534  with  the  “wrong  answer”  from  Doug’s  experiment  that  could  not  reproduce  estro- 

535  gen  response  in  Marco’s  Model.  But  another  twist  was  necessary  to  advance  our 

536  Tamoxifen  Team  tale. 

537  It  is  worth  emphasizing  the  significant  role  that  Dr.  Joan  Lewis-Wambi  played  in 

538  this  story,  our  knowledge  of  estrogen-induced  apoptosis  and  the  cell  model  she 

539  breathed  life  into — by  chance.  Dr.  Shun-Yuan  Jiang  created  both  the  MCF-7:5C 

540  [81]  cells  and  MCF-7:2A  cells  [82].  Both  cell  lines  were  cloned  out  of  populations 

541  that  were  estrogen  deprived  for  almost  a  year.  The  majority  of  cells  died  but  some 

542  survived  and  grew  under  estrogen-free  conditions.  The  MCF-7:5C  [81]  are  ER 

543  positive  and  PgR  negative,  and  we  reported  they  did  not  respond  to  estrogen  or 

544  antiestrogens.  Joan  Lewis  almost  10  years  later  was  given  the  task  of  studying  these 

545  cells  at  a  time  that  it  was  clear  that  the  aromatase  inhibitors  would  be  an  essential 

546  treatment  option  for  breast  cancer  patients  in  the  medical  oncologists’  armamentar- 

547  ium.  What  did  she  do?  She  charged  the  serum  conditions  to  grow  our  MCF-7:5C 

548  cells  and  did  not  follow  the  essential  tradition  of  repeating  exactly  what  Shun-Yuan 

549  had  done  in  her  paper  [81].  Amazingly,  the  MCF-7:5C  cells  grew  spontaneously, 

550  but  apoptosis  occurred  rapidly  with  physiologic  estrogen  in  vitro  and  in  vivo.  We 

551  had  never  had  a  cell  line  that  responded  to  estrogen  as  a  cidal  stimulus — and  now 

552  we  did  [112].  She  created  a  pivotal  paper  on  the  intrinsic  mechanism  of  apoptosis 

553  [83]  and  followed  this  up  with  a  super  description  of  the  delayed  apoptosis 

554  (estrogen  took  a  week  longer  to  cause  cell  death  in  the  MCF-7:2A  cells)  observed 
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in  the  2A  cells  that  could  be  advanced  to  immediate  cell  death  with  estrogen  if 
glutathione  synthesis  was  blocked  [84].  I  should  document  that  her  husband 
Dr.  Chris  Wambi  was  conducting  research  on  the  redox  role  of  glutathione  using 
buthionine  sulfoximine  (BSO)  to  stop  glutathione  synthesis,  and  it  was  this  husband 
and  wife  team  that  found  our  mechanism  of  cell  survival  that  could  be  neutralized 
so  that  estrogen  now  caused  rapid  cell  death.  This  is  a  good  husband/wife  synergy  in 
science. 

Without  these  cell  models,  our  expanding  experience  and  publications  with 
acquired  tamoxifen  and  raloxifene  resistance  in  vivo,  we  could  not  have  success¬ 
fully  competed  for  our  Department  of  Defense  Center  of  Excellence  Grant.  These 
studies  and  models  passed  on  one  to  another  over  decades  by  my  trainees  signifi¬ 
cantly  advanced  women  health  and  helped  families  stay  together  longer  through  the 
increased  survival  of  women  either  with  breast  cancer  or  at  risk  of  breast  cancer. 
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Abstract 

Tamoxifen,  the  first  targeted  therapy  to  treat  breast  cancer,  has  dramatically 
changed  medicine.  Study  of  the  pharmacology  of  tamoxifen  created  a 
successful  adjuvant  treatment  strategy  to  save  lives,  created  the  first 
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selective  estrogen  receptor  modulator  (SERM)  that  resulted  in  the  new  drug 
group,  the  SERMs.  New  agents  such  as  lasofoxifene  and  bazedoxifene  show 
a  promise  in  the  range  of  beneficial  effects  they  demonstrate  in  clinical  trial 
to  treat  multiple  diseases  in  women.  Additionally,  new  agents  and  approaches 
with  conjugated  equine  estrogen  are  being  explored  to  prevent  hot  flashes, 
thereby  enhancing  the  likelihood  that  compliance  with  SERMs  improves. 
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Abstract  T amoxifen,  the  first  targeted  therapy  to  treat  breast  cancer,  has  dramatically 
changed  medicine.  Study  of  the  pharmacology  of  tamoxifen  created  a  successful 
adjuvant  treatment  strategy  to  save  lives,  created  the  first  chemopreventive  to  prevent 
any  cancer  in  humans,  and  was  the  pioneering  selective  estrogen  receptor  modulator 
(SERM)  that  resulted  in  the  new  dmg  group,  the  SERMs.  New  agents  such  as 
lasofoxifene  and  bazedoxifene  show  a  promise  in  the  range  of  beneficial  effects  they 
demonstrate  in  clinical  trial  to  treat  multiple  diseases  in  women.  Additionally,  new 
agents  and  approaches  with  conjugated  equine  estrogen  are  being  explored  to  prevent 
hot  flashes,  thereby  enhancing  the  likelihood  that  compliance  with  SERMs  improves. 

Introduction 

During  the  1970s  and  1980s,  the  pharmaceutical  industry  worked  diligently  to  study 
the  structure-activity  relationships  of  nonsteroidal  antiestrogens  to  find  a  competitor 
for  tamoxifen.  The  list  includes  droloxifene  (3 -hydroxy tamoxifen),  trioxifene, 
LY1 17,018,  toremifene,  and  idoxifene  [1].  Clinical  trials  were,  in  the  main, 
unable  to  show  any  significant  advantages  over  tamoxifen.  The  bench  mark  to 
predict  success  was  less  uterotrophic  activity  and  LY1 17,018,  which  as  a  result 
evolved  to  become  raloxifene  via  LY156,758.  Toremifene  was  registered  for  the 
treatment  of  metastatic  breast  cancer  but  is  not  appropriate  for  adjuvant  therapy  in 
the  United  States.  There  has  been  interest  in  the  use  of  toremifene  for  the  treatment  of 
prostate  cancer  [2,  3].  Tamoxifen,  uniquely,  remained  the  sole  agent  of  choice  as  an 
adjuvant  therapy  for  about  20  years. 

ICI  Pharmaceutical  Division  chose  another  direction  to  solve  the  “estrogenic 
tickle”  of  tamoxifen  with  a  plan  for  the  development  of  fulvestrant  as  an  injectable 
pure  antiestrogen. 
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Fig.  10.1  The  progress  of 
two  unrelated  ideas  coming 
together  to  create  a  new  drug 
group:  the  pure 
antiestrogens.  Estradiol 
derivatives  substituted  at 
6  and  7  positions  were 
created  to  deliver  an 
alkylating  agent  via  the  ER  to 
DNA.  In  contrast,  estradiol 
was  attached  to  long 
hydrocarbon  chains  on  the 
Sephadex  column  to  purify 
the  ER.  Both  aspects  of 
estradiol  chemistry  came 
together  to  create  the  pure 
antiestrogens  at  ICI 
Pharmaceuticals  Division  in 
the  early  1980s 


Alkylating  Anlioslfogens 


Affinity  Cmomalogropby 
iot  Es-Uogen  Recepio* 


Pure  Anlieslfogens 


La  bora  lory  Studies 


27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 


SC1 162.760 

Pure  Antiestrogens 

The  possibility  that  a  pure  antiestrogen  could  be  developed  with  high  binding  affinity 
for  the  ER  combines  the  observation  that  MER  25,  the  first  antiestrogen,  has  virtually 
no  estrogenic  properties  in  any  animal  species  [4],  with  the  knowledge  that  binding 
affinity  and  biological  activity  are  separate  functions  of  the  same  molecule  [5].  The 
antiestrogens  10164,384  and  10182,780  are  derivatives  of  estradiol  with  an  optimal 
binding  affinity  for  the  ER,  but  these  structural  analogs  are  unique  because  they  do  not 
have  any  estrogenic  properties  and  they  have  a  novel  subcellular  mechanism  of  action 

[6]  (Fig.  10.1).  The  serendipitous  discovery  of  pure  antiestrogens  occurred  through 
two  essentially  unsuccessful  research  endeavors  that  converged  thus  providing  the 
optimal  intellectual  environment  for  new  dmg  discovery.  Derivatives  of  estradiol  or 
estrone  substituted  in  the  6  and  7  positions  were  being  evaluated  as  potential  alkylating 
antiestrogens  in  the  late  1970s  through  an  ICI-Leeds  University  joint  research  scheme 

[7] .  Independently,  scientists  in  France  were  attempting  to  purify  the  ER  using 
estradiol  linked  at  the  7  position  through  a  ten-membered  carbon  side  chain  to 
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Sephadex  columns  [8].  Dr.  Alan  Wakeling  brought  both  of  these  independent  ideas 
together  to  discover  the  structure -function  relationships  of  a  new  class  of  compounds 
that  have  no  estrogenic  properties  in  any  test  system  [9-11].  The  pure  antiestrogen  ICI 
164,384  has  been  used  extensively  in  laboratory  studies  [6],  but  the  more  potent 
ICI  182,7 80  [1 1]  is  currently  approved  for  the  treatment  of  breast  cancer  in  postmeno¬ 
pausal  women  metastatic  breast  cancer. 

The  compound  is  used  as  a  250-mg  injectable  1 -month  sustained  release  prepa¬ 
ration  with  therapeutic  equivalence  to  anastrozole  following  failure  of  tamoxifen 
therapy  [12,  13].  However,  the  endocrine  option  of  fulvestrant  has  never  achieved 
“first-line”  status  and  as  such  never  been  evaluated  as  an  adjuvant  therapy.  Never¬ 
theless,  2-week  strategies  deserve  mention. 

The  idea  of  combining  an  aromatase  inhibitor  with  fulvestrant  versus  an  aromatase 
inhibitor  alone  has  merit  from  laboratory  studies  but  has  produced  one  result  which 
was  an  improvement  for  the  combination  versus  the  aromatase  inhibitor  alone.  By 
contrast,  a  second  trial  using  the  same  treatment  [14]  protocol  showed  no  difference  for 
the  combination  versus  the  aromatase  inhibitor  alone  [15].  It  seems  that  the  trial  that 
showed  no  improvement  for  the  combination  [15]  had  a  higher  population  of  patients 
who  had  been  exposed  to  tamoxifen  treatment  previously.  Another  issue  is  dosage. 
The  pharmacokinetics  of  fulvestrant  from  the  250-mg  depot  injection  is  poor  with  low 
circulating  levels  [16].  To  address  this  critically  important  issue,  the  CONFIRM  trial 
has  compared  250  versus  500  mg  monthly  injections  [17].  The  higher  dose  provides  a 
superior  response  so  this  should  now  be  considered  to  be  the  dosage  of  choice. 

Angela  Brodie’s  dedicated  and  pioneering  work  [18-20]  was  essential  as  proof 
of  principle  that  a  selective  aromatase  inhibitor  could  be  discovered  with  clinical 
efficacy.  The  problem  with  her  discovery,  4-hydroxyandrostenedione,  was  that  it 
was  an  injectable  rather  than  a  more  convenient  oral  preparation.  However,  the  fact 
that  the  failed  “morning-after  pill”  1046,474  was  transformed  successfully  into  the 
“gold  standard”  tamoxifen  for  the  adjuvant  treatment  of  breast  cancer  provided  a 
new  target  (the  aromatase  enzyme)  to  improve  antihormonal  therapy  in  breast 
cancer.  With  profits  expanding  from  sales  of  tamoxifen  in  the  United  States  after 
1990,  the  key  issue  for  the  successful  drug  development  of  an  aromatase  inhibitor 
would  be  satisfied:  profits.  The  patent  from  tamoxifen  would  be  running  out  in 
America  by  2000,  and  aromatase  inhibitors  would  be  substituted,  but  only  for  the 
postmenopausal  patients.  Three  orally  active  third-generation  aromatase  inhibitors 
were  subsequently  successfully  developed  for  adjuvant  therapy:  anastrozole, 
letrozole,  and  exemestane.  Each  was  demonstrated  to  have  a  small  but  consistent 
improvement  over  5  years  of  tamoxifen  alone  whether  given  instead  of  tamoxifen  in 
postmenopausal  patients,  after  5  years  of  tamoxifen,  or  switching  after  a  couple  of 
years  of  tamoxifen  [22-29] .  There  has  even  been  a  successful  trial  of  exemestane  as 
a  prevention  in  postmenopausal  high-risk  women  [30].  However,  it  is  hard  to  see 
how  this  approach  would  be  superior  to  a  sophisticated  third-generation  SERM 
functioning  as  a  multifunctional  medicine  in  women’s  health. 

The  advantages  of  aromatase  inhibitors  for  postmenopausal  patients  are  clear  in 
large  population  trials  and  for  healthcare  systems.  Patents  for  aromatase  inhibitors  are 
now  running  out  or  have  run  out  and  cheap  generics  are  becoming  available. 
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87  The  aromatase  inhibitors  were  initially  priced  extremely  high  compared  to  tamoxifen 

88  to  compensate  for  each  only  securing  about  1/3  of  the  original  tamoxifen  market. 

89  A  disease-free  survival  advantage  is  noted  for  adding  an  aromatase  inhibitor  to  the 

90  treatment  plan  compared  to  tamoxifen  alone  [31]  and  concerns  about  endometrial 

91  cancer  and  blood  clots  are  diminished.  Current  clinical  studies  to  improve  endocrine 

92  response  rates  seek  to  exploit  emerging  knowledge  about  the  molecular  mechanisms 

93  of  antihormone  resistance  to  aromatase  inhibitors  [32] .  Combinations  of  letrozole  and 

94  lapatinib,  an  inhibitor  of  the  HER2  pathway,  show  some  advantages  over  letrozole 

95  alone  in  ER-positive  and  HER-positive  metastatic  breast  cancer  [33].  A  similar 

96  improvement  in  responsiveness  to  aromatase  inhibitors  is  noted  with  a  combination 

97  with  the  mTor  inhibitor  everolimus  [34-36] .  None  of  this  would  have  come  about  but 

98  for  20  years  of  endocrine  therapy  using  tamoxifen  as  the  pioneer. 


99  SERM  Successes 

100  A  failed  “morning-after  pill,”  1046,474,  becomes  tamoxifen  and  a  failed  “breast 

101  cancer  drug,”  LY156,758,  becomes  raloxifene  to  give  us  the  science  of  selective 

102  estrogen  receptor  modulators  (SERMs).  There  two  “wrongs”  gave  women’s  health 

103  a  path  that  was  the  “right”  research  track.  As  a  result  the  lives  of  millions  of  women 

104  were  improved  worldwide.  The  women  who  survived  through  tamoxifen  treatment 

105  provided  strength  and  support  for  their  families,  and  the  drug  continues  to  fulfill  that 

106  role  in  society.  Grandmothers  now  see  their  grandchildren  grow  up  and  mothers  see 

107  their  children  married  to  have  families  of  their  own.  Women  who  use  raloxifene  to 

108  prevent  osteoporosis  have  fewer  breast  cancers,  perhaps  20,000  fewer  breast 

109  cancers  if  the  half  a  million  women  taking  the  drug  continue  to  do  so  for  a  decade, 
no  Less  morbidity  occurs  with  the  treatment  of  cancer  and  possibly  less  deaths  from 

1 1 1  breast  cancer  in  the  long  run. 

1 1 2  What  is  perhaps  unique  is  that  without  tamoxifen  there  would  be  no  raloxifene  as 

1 1 3  there  had  to  be  a  leader  to  beat.  What  is  unusual  is  that  the  pharmacological  basis  for 

114  the  development  of  two  orphan  drugs  from  two  separate  drug  companies  in  separate 

1 1 5  continents  should  spring  from  the  same  laboratory.  The  Tamoxifen  Team  laboratory 

116  chose  to  move,  after  being  talent  spotted  from  Leeds  University,  to  Switzerland  and 

1 1 7  then  Wisconsin.  These  were  the  opportunities  presented  and  seized  upon  to  be  in  the 

118  right  place  at  exactly  the  right  time,  trained  and  ready  to  exploit  the  stream  of 

119  scientific  discoveries  that  charged  medicine  twice  by  the  1990s. 

120  SERMs  did  not  end  with  raloxifene  and  the  principle  created  successes  and 

121  failures  over  the  years.  We  will  close  with  the  pharmacological  success  of  SERMs 

122  despite  the  unsuccessful  struggle  in  this  harsh  economic  climate  to  create  a  viable 

123  economic  model  for  new  compounds.  But  that  initially  was  the  stages  of  both 

124  tamoxifen  and  raloxifene;  the  key  to  success  was  first  to  market  with  tamoxifen 

125  earning  billions  over  the  past  40  years  after  being  abandoned  as  being  financially 

126  unviable  and  raloxifene  earning  billions  too  after  being  totally  abandoned  for 

127  clinical  development  for  half  a  decade! 
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The  market  for  the  prevention  of  osteoporosis  is  much  bigger  than  breast  cancer 
so  considerable  effort  has  gone  into  the  development  of  SERMs  for  this  indication. 
We  will  not  consider  arzoxifene  as  it  has  been  tested  unsuccessfully  as  a  breast 
cancer  therapy  and  its  effectiveness  in  osteoporosis  is  proven,  and  there  are 
consistent  decreases  in  breast  cancer  incidence.  Development  is  terminated  because 
of  toxicity.  We  will  consider  ospemifene  and  lasofoxifene  as  agents  modeled  on 
earlier  antiestrogens  and  bazedoxifene  as  a  SERM  with  an  interesting  twist — 
combination  with  conjugated  equine  estrogen. 


Lasofoxifene  (CP-336156,  Fablyn) 

Lasofoxifene  is  interesting  as  its  structure  has  its  origins  to  the  early  days  of  the  1960s 
when  Lednicer  and  coworkers  [37-39]  were  seeking  the  optimal  postcoital  contracep¬ 
tive  (Fig.  10.2).  Nafoxidine  was  the  result  that  then  evolved  into  a  potential  breast 
cancer  dmg  that  failed  [40] .  The  search  for  SERMs  defined  and  refined  the  possible 
structural  components  necessary  for  the  new  target — osteoporosis.  The  discovery  and 
preliminary  preclinical  pharmacology  of  CP-33156  were  first  reported  in  1998  and 
since  then  there  has  been  a  steady  stream  of  important  publications  about  this  interest¬ 
ing  compound.  David  Thompson’s  group  has  contributed  most  of  the  new  knowledge 
describing  the  actions  of  CP-33156  in  the  rat  with  a  particular  focus  on  bone, 
circulating  cholesterol,  and  the  uterus  [41-44].  The  crystallography  of  lasofoxifene 
with  the  ligand-binding  domain  (LBD)  of  the  ER  is  resolved  [45].  The  conformations 
of  the  complex  is  consistent  with  prior  structure  of  4-hydroxytamoxifen  [46]  and 
raloxifene  [47]  which  adopt  the  antagonist  conformation  with  helix  12  pushed  back 
and  unable  to  seal  the  lasofoxifene  into  the  LBD. 

An  extremely  interesting  aspect  of  the  pharmacology  of  lasofoxifene  is  the 
enhanced  bioavailability  of  the  levorotatory  (1-)  enantiomer  being  more  potent  in 
terms  of  ER  binding  affinity  as  well  as  enhanced  bioavailability  compound  of  the 
dextrorotatory  (d-)  enantiomer  [48].  The  potency  in  vivo  is  enhanced  because  the  (1) 
isomer  lasofoxifene  is  a  poor  substrate  for  glucuronidation. 

A  whole  range  of  clinical  trials  with  lasofoxifene  have  been  completed  for  the 
prevention  of  osteoporosis  [49,  50]  with  beneficial  effects  of  significantly  reducing 
strokes,  coronary  heart  disease,  and  breast  cancer  [51]  without  increasing  endometrial 
cancer.  These  are  all  the  properties  originally  proposed  for  the  potential  of 
SERMs  [52]. 

Finally  one  interesting  aspect  of  lasofoxifene  is  the  enhanced  improvement  in 
vaginal  atrophy  observed  with  treatment  and  increased  vaginal  lubrication  [53].  How¬ 
ever,  despite  the  fact  that  lasofoxifene  is  approved  for  the  treatment  and  prevention  of 
osteoporosis  in  the  European  Union  at  doses  1/100  of  those  used  for  raloxifene,  the 
SERM  still  is  unable  to  control  hot  flashes.  This  is  a  serious  barrier  to  compliance  and 
quality  of  life.  However,  the  road  to  development  of  the  SERM  bazedoxifene  has 
produced  an  interesting  solution. 
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HO 


OH 


Lasofoxifene 


Bazedoxifene 


Fig.  10.2  Chemical  structures  of  new  SERMs  lasofoxifene  and  bazedoxifene 


168 


Bazedoxifene  (TSE-424,  WAY-140424) 


169  Bazedoxifene  is  an  indole  derivative,  almost  obviously  developed  from  the  earlier 

170  compound  zindoxifene  (Fig.  10.2)  by  attaching  an  alkyl aminoethoxy  phenyl  side 

171  chain  in  the  appropriate  “antiestrogen”  position  of  the  molecule.  The  original 

172  metabolites  of  zindoxifene  were  actually  estrogenic  in  laboratory  tests  [54]  and 

173  zindoxifene  was  without  activity  for  the  treatment  of  breast  cancer  [55].  Initial  labo- 

174  ratory  studies  with  bazedoxifene  showed  activity  as  an  antiestrogen  in  MCF-7  breast 

175  cancer  cells  but  also  was  effective  in  causing  cell  death  [56]  in  aromatase-resistant 

176  breast  cancer  cells  derived  from  the  MCF-7  cell  line  [57].  Bazedoxifene  is  a 

177  typical  SERM  which  maintains  bone  density  in  the  ovariectomized  rat  [58]  and  the 

1 78  cynomolgus  monkey  over  an  1 8-month  treatment  period  [59] .  Clinical  studies  demon- 

1 79  strate  the  value  of  bazedoxifene  from  the  treatment  and  potential  of  osteoporosis.  But  it 

180  is  the  pairing  of  bazedoxifene  with  conjugated  equine  estrogen  (CEE)  that  enhances 

181  effects  of  lowering  lipids  and  improving  bone  density  while  reducing  vasomotor 

182  effects  [60].  In  fact,  a  comparison  with  lasofoxifene  and  raloxifene  suggests  a  unique 

183  gene  profiling  for  bazedoxifene  and  CEE  on  breast  cancer  cells  [61] . 


Ospemifene  (FC-1271a) 


184 


185  This  triphenylethylene  is  a  metabolite  of  toremifene  with  a  unique  glycol  side 

186  chain.  This  transformation  by  deamination  of  the  side  chain  of  a  nonsteroidal 

187  antiestrogen  was  first  noted  with  tamoxifen  when  metabolite  Y  was  first  discovered 

188  [62,  63].  The  same  transformation  occurs  with  toremifene.  Ospemifene  is  a  typical 

189  SERM  in  the  rat  [64].  Lowering  cholesterol,  building  bone,  and  blocking  estrogen 

190  stimulated  uterine  weight.  A  range  of  studies  have  demonstrated  a  lack  of 
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genotoxicity  [65]  significant  antitumor  actions  in  mice  [66]  and  ability  to  block  the 
growth  of  premalignant  lesions  in  a  mouse  model  of  DCIS  [67].  Indeed  the 
pharmacological  effects  of  ospemifene  have  been  documented  in  rhesus  macaque 
monkeys  [68]  as  well  as  humans. 

Refining  the  SERM  Concept  Further 

The  fact  that  there  are  two  ERs,  ERa  and  ERp  [69],  naturally  has  caused  a  search  for 
ER-specific  subtype  drugs.  Most  of  our  knowledge  of  the  role  of  each  ER  subtype  has 
come  from  a  study  of  knockout  mice  for  one  or  the  other  ER  [70] .  Pharmacologically 
the  main  difference  between  the  ER  seems  to  be  that  AF-1  region  [71].  The  ligand¬ 
binding  pockets  of  ERa  and  ERp  are  very  similar  with  two  amino  acids  Leu  and  Met 
in  ERa  replaced  by  Met  and  Leu  in  ERp  [72]. 

Despite  the  difficulties  that  need  to  be  advanced  for  subtype -specific  agents  in 
very  similar  proteins,  the  quest  for  new  medicines  has  been  a  priority;  changing  the 
antiestrogenic  dimethylaminoethoxy  side  chain  to  an  acrylic  side  chain  creates 
ERa-specific  activity  in  stimulating  endometrial  cancer  cells  [73].  The  ERp-specific 
agonist  SERB  A- 1  caused  involution  of  the  mouse  prostate  with  no  effects  on  ventral 
prostrate  or  testicular  weight  [74].  The  Wyeth  ERp-specific  agonist  ERp-041  has  a 
dramatic  effect  in  preclinical  models  of  adjuvant-induced  arthritis  [75].  Most  impor¬ 
tantly  numerous  pharmaceutical  companies  are  addressing  the  issue  of  controlling 
hot  flashes  for  a  more  acceptable  SERM.  Both  Eli  Lilly  and  Johnson  &  Johnson 
[76,  77]  have  compounds  shown  to  control  changes  in  skin  temperature  in  the 
morphine-dependent  rat  models. 

However,  the  SERM  principle  has  now  been  applied  to  all  members  of  the  nuclear 
receptor  superfamily  to  create  selective  nuclear  receptor  modulation  to  treat  diseases 
with  greater  specificity  not  previously  believed  to  be  possible.  There  are  now 
selective  androgen  receptor  modulators  (SARMs)  [78],  selective  progesterone 
receptor  modulators  (SPRMs)  [79],  selective  glucocorticoid  receptor  modulators 
(SGRMs)  [80],  selective  mineralocorticoid  receptor  modulators  (SMRMs)  [81], 
selective  thyroid  receptor  modulators  (STRMs)  [82],  and  selective  peroxisome 
proliferator-activated  receptor  modulators  (SPPARMs)  [83].  The  idea  of  switching 
on  and  off  target  sites  around  the  body  to  improve  human  health  and  survival  is  very 
appealing  as  we  increase  longevity. 

However,  as  we  bring  our  story  to  a  close,  it  is  perhaps  ironic  to  reflect  that  all 
this  progress  in  a  new  pharmacology  of  receptor  action  was  made  possible  by  a 
potent  postcoital  contraceptive  in  the  rat,  originally  designed  to  prevent  life.  Much 
good  came  from  that  failed  contraceptive  tamoxifen  that  has  dramatically  enhanced 
life  expectancy,  prevented  breast  cancers,  created  the  SERMs,  and  dramatically 
enhanced  the  prospects  of  a  longer  healthier  life. 
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Postscript.  Breast  cancer  is  the  most  prevalent  cancer  of  women  and  death  rates  are  229 
only  secondary  to  lung  cancer.  However,  lung  cancer  has  a  known  cause,  smoking;  230 
the  targeting  of  women  by  the  advertising  industry  in  the  1980s  to  encourage  231 
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232  smoking  as  a  positive  lifestyle  advance  has  had  consequences  with  a  rising  mortality. 

233  Breast  cancer  has  no  such  cause  and  effect  solution  to  prevent  the  disease.  Yet 

234  despite  the  huge  problem  of  “where  to  start”  in  treatment  and  prevention  of  breast 

235  cancer,  the  last  four  decades  of  research  has  heralded  a  new  era  in  personalized 

236  medicine  for  cancer  in  general,  in  large  part  because  of  the  breakthroughs  in  breast 

237  cancer  treatment. 

238  The  understanding  of  the  links  between  hormones  and  breast  cancer  was  to 

239  mature  for  over  a  century  [84]  but  was,  as  with  all  breakthroughs,  dependent  on  the 

240  fashions  in  research.  Change  occurred  in  1971  with  passing  of  the  National  Cancer 

241  Act.  This  important  political  step  was  to  articulate  a  plan  to  sponsor  research  and 

242  translate  the  profound  breakthroughs  that  would  result  into  improved  patient  care. 

243  This  would  be  achieved  through  a  nationwide  system  of  clinical  cancer  centers 

244  where  laboratory  scientists  and  clinical  scientists  would  interact  daily  to  decrease 

245  the  mortality  from  cancer.  I  have  had  the  privilege  of  either  directing  breast  cancer 

246  programs  (University  of  Wisconsin  Comprehensive  Cancer  Center  at  Madison, 

247  Wisconsin,  with  Monica  Morrow,  M.D.,  perhaps  the  most  accomplished  breast 

248  cancer  surgeon  in  the  world;  Robert  H.  Luire  Comprehensive  Cancer  Center, 

249  Northwestern  University,  Chicago)  or  as  the  vice  president  of  Medical  Science 

250  (Fox  Chase  Cancer  Center,  Philadelphia)  or  as  the  scientific  director  (Georgetown 

251  University  Lombardi  Comprehensive  Cancer  Center,  Washington,  DC).  But  it  was 

252  the  experience  of  the  first  cancer  center  I  experienced  at  the  University  of 

253  Wisconsin  (Madison)  that  was  critical  for  my  development  as  a  cancer  scientist. 

254  The  opportunity  to  be  recruited  was  the  reason  I  went  to  America.  This  was  a 

255  wonderful  place  to  learn  and  develop  my  ideas.  I  had  the  pleasure  of  working  with 

256  Director  Paul  Carbone,  Lasker  Prize  winner  (for  the  development  of  MOPP  and 

257  the  treatment  of  Hodgkin’s  disease)  and  also  the  head  of  the  Eastern  Cooperative 

258  Group.  I  was  talent  spotted  because  of  what  I  could  achieve  if  given  the  chance  to 

259  develop  tamoxifen  to  its  full  potential.  This  clearly  was  a  success  and  the  wonderful 

260  environment  of  talented  scientific  colleagues  and  first-rate  graduate  students  gave 

261  medicine  SERMs.  But  it  is  my  interaction  with  Harold  Rusch  the  inaugural  and  then 

262  former  director  of  the  clinical  cancer  center  that  I  cherish  the  most.  Harold  had  his 

263  office  next  to  mine  and  we  talked  every  day.  He  taught  me  valuable  lessons  in 

264  scientific  leadership  and  the  requirement  to  advance  the  career  development  of 

265  one’s  staff.  To  this  day  I  answer  my  phone  with  “How  can  I  help  you?”  His  book  is  a 

266  “must  read.”  Something  attempted,  something  done.”  He  was  also  the  first  director 

267  of  the  McArdle  Laboratory  and  built  it  to  be  a  world-class  center  of  excellence  in 

268  cancer  research.  Through  the  tragedy  of  his  daughter’s  death  from  breast  cancer,  he 

269  became  one  of  this  nation’s  strongest  advocates  for  clinical  cancer  centers  to  take 

270  ideas  to  the  clinic  to  save  lives.  There  had  to  be  a  path  to  clinical  trials  and  patient 

271  care,  and  he  was  strategically  situated  on  the  President’s  Cancer  Panel  to  advocate 

272  change.  He  became  the  first  director  of  the  Wisconsin  Clinical  Cancer  Center  and 

273  then  recruited  Paul  Carbone  to  continue  the  task.  I  was  honored  when  Harold  told 

274  me  that  on  his  death  he  would  like  me  to  speak  at  his  memorial  service.  He  had  been 

275  diagnosed  with  prostate  cancer  and  had  but  a  short  time  to  live.  To  me  it  was 

276  important  to  obtain  a  letter  of  gratitude  for  all  Dr.  Rusch  had  achieved  for  cancer 
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research  in  the  United  States.  I  went  to  the  president  of  the  United  States.  This  letter 
was  received  just  in  time  at  a  ceremony  at  Dr.  Rusch’s  home  with  the  letter  read  and 
presented  by  Donna  Shala,  then  chancellor  of  the  University  of  Wisconsin- 
Madison.  At  Harold’s  memorial  service,  I  read  that  same  letter  as  my  mark  of 
respect  for  a  great  yet  humble  man,  who  thought  of  his  staff  and  colleagues  always 
before  himself. 

With  regard  to  hormones  and  cancer,  the  “epicenter”  for  positive  change  I  believe 
was  the  Worcester  Foundation  for  Experimental  Biology  in  Shrewsbury, 
Massachusetts.  This  was  the  home  of  the  oral  contraceptive  and  the  founding  Director 
Gregory  Pincus  [85]  created  a  world-renowned  research  institution  with  a  principal 
theme  of  reproduction  research.  It  was  at  the  foundation  that  Pincus  turned  the  dream 
of  oral  contraception  into  a  practical  reality.  His  drive  and  commitment  accelerated 
clinical  testing  with  a  progestin  which  was  the  culmination  of  a  decade  of  laboratory 
investigations.  But  luck  takes  control,  as  often  as  not.  I  partially  like  the  story  of 
the  first  trials  with  a  synthetic  progestin  that  were  found  to  contain  an  impurity.  The 
progestin  was  purified  and  less  effective  as  a  contraceptive.  The  impurity  was  an 
estrogen  so  the  combined  oral  contraceptives  “so  to  speak”  conceived.  But  by  the  late 
1960s,  fashions  in  research  were  changing  and  cancer  research  was  to  move  center 
stage.  With  the  passing  of  the  National  Cancer  Act  in  1971  came  opportunity  for 
funding.  For  one  of  us  (VCJ),  who  was  a  visiting  scientist  at  the  foundation 
(1972-1974),  from  the  University  of  Leeds,  England,  this  was  an  important  time  and 
valuable  to  leam  and  exchange  ideas.  But  the  opportunities  from  the  environment  of 
the  foundation  catalyzed  the  conversion  of  1046,474  to  tamoxifen  (with  a  big  push 
from  Lois  Trench). 

The  philosophy  of  the  foundation  was  to  advance  new  ideas  and  concepts.  The 
first  systemic  studies  with  tamoxifen  as  a  breast  cancer  drug  were  started  [86]  but 
remarkably,  in  a  laboratory  not  more  than  100  yards  away  from  mine,  Angela  and 
Harvey  Brodie  were  taking  the  first  steps  to  create  4-hydroxy andronestedione  [18] 
as  the  first  specific  aromatase  inhibitor  successfully  tested  in  patients  [21].  Angela’s 
tenacity  and  vision  was  critical  for  the  future  development  of  new  aromatase 
inhibitors.  The  subsequent  pharmaceutical  development  of  tamoxifen  as  the  first 
long-term  adjuvant  endocrine  therapy  targeted  to  the  ER  and  chemopreventive 
made  the  improvements  with  aromatase  inhibitors  certain.  Tamoxifen  and  the 
aromatase  inhibitors  all  continue  to  reduce  mortality.  These  are  the  therapeutic 
cornerstones  of  the  modem  era  of  targeted  treatments  for  breast  cancer.  All  the 
successes  in  hormones  and  breast  cancer  started  at  the  foundation  to  be  a  practical 
approach  to  the  treatment  and  prevention. 

Furthermore,  it  is  remarkable  to  note  that  the  scientists  at  the  Worcester  Foundation 
had  already  changed  the  world  with  the  oral  contraceptive  and  M.  C.  Chang  had 
conducted  seminal  studies  on  in  vitro  fertilization  with  the  discovery  of  sperm 
capacitation  within  the  utems.  This  immediately  was  used  first  in  animals;  I  liked 
the  stories  I  heard  that  Chang  had  taken  sperm  and  egg  from  a  mink  and  a  stoat  that 
normally  would  never  mate  to  create  a  stinkl  The  animal  work  was  necessary  to  set  the 
stage  for  the  birth  of  Louise  Brown  at  11:47  p.m.,  25  July  1978  (coincidentally  my 
birthday).  By  8  June  1980,  health  authorities  in  Virginia  announced  the  first  US-built 
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322  clinic  using  the  Edwards-Steptoe’s  method.  Society  has  much  to  be  grateful  for  from 

323  the  research  on  hormones  initiated  in  the  confines  of  a  couple  of  acres  of  land  in 

324  Massachusetts  and  the  vision  of  Gregory  Pincus.  There  are  four  major  advances  in 

325  women’s  health:  the  oral  contraceptive,  in  vitro  fertilization,  a  clinical  plan  for 

326  tamoxifen,  and  the  first  specific  aromatase  inhibitor! 
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Appendix  A:  Four  Decades  of  Discovery  in 
Breast  Cancer  Research  and  Treatment: 
An  Interview  with  V.  Craig  Jordan 

Marc  Poirot 


The  past  is  never  dead.  It  is  not  even  the  past. — William  Faulkner 


Abstract 

V.  Craig  Jordan  is  a  pioneer  in  the  molecular  pharmacology  and  therapeutics  of 
breast  cancer.  As  a  teenager,  he  wanted  to  develop  drugs  to  treat  cancer,  but  at  the 
time  in  the  1960s,  this  was  unfashionable.  Nevertheless,  he  saw  an  opportunity  and, 
through  his  mentors,  trained  himself  to  reinvent  a  failed  “morning-after  pill”  to 
become  tamoxifen,  the  gold  standard  for  the  treatment  and  prevention  of  breast 
cancer.  It  is  estimated  that  at  least  a  million  women  worldwide  are  alive  today 
because  of  the  clinical  application  of  Jordan’s  laboratory  research.  Throughout  his 
career,  he  has  always  looked  at  “the  good,  the  bad,  and  the  ugly”  of  tamoxifen.  He 
was  the  first  to  raise  concerns  about  the  possibility  of  tamoxifen  increasing  endo¬ 
metrial  cancer.  He  described  selective  estrogen  receptor  modulation  (SERM),  and 
he  was  the  first  to  describe  both  the  bone  protective  effects  and  the  breast 
chemopreventive  effects  of  raloxifene.  Raloxifene  did  not  increase  endometrial 
cancer  and  is  now  used  to  prevent  breast  cancer  and  osteoporosis.  The  scientific 
strategy  he  introduced  of  using  long-term  therapy  for  treatment  and  prevention 
caused  him  to  study  acquired  drug  resistance  to  SERMs.  He  made  the  paradoxical 
discovery  that  physiological  estrogen  can  be  used  to  treat  and  to  prevent  breast 
cancer  once  exhaustive  antihormone  resistance  develops.  His  philosophy  for  his 
four  decades  of  discovery  has  been  to  use  the  conversation  between  the  laboratory 
and  the  clinic  to  improve  women’s  health. 
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26  Abbreviations.  AACR,  American  Association  for  Cancer  Research;  ASCO, 

27  American  Society  of  Clinical  Oncology;  CEE,  Conjugated  equine  estrogen,  DES, 

28  Diethylstilbestrol;  DMBA,  Dimethylbenzanthracene;  EBCTCG,  Early  Breast  Can- 

29  cer  Trialists’  Collaborative  Group;  ECOG,  Eastern  Cooperative  Oncology  Group; 

30  FDA,  Food  and  Drug  Administration;  ICI,  Imperial  Chemical  Industries;  SERM, 

31  Selective  estrogen  receptor  modulator;  STAR,  Study  of  Tamoxifen  and  Raloxifene; 

32  TGF-a,  Transforming  growth  factor- alpha;  WFEB,  Worcester  Foundation  for 

33  Experimental  Biology;  WHI,  Women’s  Health  Initiative. 

34  Tamoxifen,  originally  classified  as  a  nonsteroidal  antiestrogen  but  now  known  as 

35  the  first  selective  estrogen  receptor  modulator  (SERM),  is  a  pioneering  medicine 

36  that  for  more  than  20  years  was  the  gold  standard  for  the  adjuvant  treatment  of 

37  breast  cancer  in  pre-  and  postmenopausal  patients  with  ER-positive  tumors  [1]. 

38  Millions  of  women  continue  to  five  longer  and  healthier  lives  because  of  tamoxifen 

39  treatment.  Tamoxifen  is  also  a  pioneering  medicine,  as  it  is  the  first  drug  to  be 

40  approved  in  the  United  States  of  America  by  the  Food  and  Drug  Administration 

41  (FDA)  for  the  reduction  of  the  incidence  of  breast  cancer  in  high-risk  pre-  and 

42  postmenopausal  women  [2]. 

43  Craig  Jordan  grew  up  with  a  passion  for  chemistry,  but  was  specifically  intrigued 

44  by  the  prospect  of  using  organic  chemistry  to  design  drugs  to  treat  cancer.  At  the 

45  age  of  13,  his  mother  allowed  him  to  convert  his  bedroom  into  a  chemistry 

46  laboratory,  where  he  often  got  into  difficulties  during  his  experiments,  either  setting 

47  the  curtains  on  fire  as  a  rather  overreactive  experiment  was  being  thrown  out  of  the 

48  window  or  destroying  the  lawn  outside.  However,  he  did  convince  his  mother  that 

49  by  using  the  chemistry  of  fertilizers,  he  could  regrow  the  lawn  again,  but  when  he 

50  did,  it  came  out  an  interesting  shade  of  blue!  Craig  had  a  passion  for  teaching,  and 

51  the  chemistry  and  biology  teachers  at  his  school,  Moseley  Hall  Grammar  School  in 

52  Cheadle,  Cheshire,  England,  allowed  him  to  have  a  laboratory  to  teach  biochemis- 

53  try.  It  was  these  same  teachers  who  convinced  his  parents  that  he  should  apply  to 

54  university.  By  contrast,  Craig  was  more  content  with  the  idea  of  becoming  an 

55  organic  chemistry  technician  at  the  research  laboratories  of  Imperial  Chemical 

56  Industries  (ICI)  near  where  he  lived. 

57  Craig  was  given  an  opportunity  for  interview  at  only  one  university  (Leeds 

58  University,  West  Yorkshire,  England),  but  he  succeeded  in  convincing  the  two 

59  faculty  interviewers,  Dr.  Ronnie  Kaye  and  Dr.  Edward  Clark,  that  he  should  have  a 

60  chance  in  the  Pharmacology  Department.  Years  later,  Craig  found  out  that  the 

61  reason  he  was  given  an  interview  was  that  they  had  been  intrigued  at  the 

62  Headmaster’s  letter,  which  stated  the  candidate  was  “an  unusual  young  man”  and 

63  then  repeated  the  statement  in  capitals.  On  July  18,  2001,  Craig  received  the  first 

64  honorary  Doctor  of  Medicine  degree  from  the  University  of  Leeds  for  humanitarian 

65  research  that  has  changed  healthcare.  The  citation,  presented  by  the  Chancellor 

66  Lord  Melvyn  Bragg,  starts:  “Craig  Jordan  is  one  of  the  most  distinguished  medical 

67  scientists  of  the  last  one  hundred  years.”  He  was  delighted  to  be  able  to  invite 
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Drs.  Clark  and  Kaye  to  the  luncheon  and  the  ceremony  (Fig.  A.l).  These  were  the 
two  individuals  who  talent- spotted  Craig;  Dr.  Kaye  was  his  tutor  for  his  4  years  as 
an  undergraduate,  and  Dr.  Clark  persuaded  him  to  become  a  graduate  student  armed 
with  the  last  available  Medical  Research  Council  studentship  in  the  United 
Kingdom  for  the  year  1969  (Fig.  A.2).  Someone  had  declined  their  studentship, 
thus  allowing  Craig  to  do  a  Ph.D.!  Dr.  Clark’s  project,  which  Craig  found  so 
attractive,  was  the  prospect  of  extracting  the  ER  from  the  rodent  uterus,  purifying 
it  and  then  crystallizing  the  ER  protein  with  an  estrogen  and  a  nonsteroidal 
antiestrogen.  The  x-ray  crystallography  would  be  completed  at  the  Astbury 
Department  of  Biophysics  at  the  University  of  Leeds,  and  all  the  work  was 
estimated  to  take  the  3  years  of  the  scholarship.  At  that  time,  the  nonsteroidal 
antiestrogens  had  failed  to  fulfill  their  promise  in  the  pharmaceutical  industry  as 
“morning- after  pills”;  they  were  perfect  in  rats,  but  in  women  they  did  exactly  the 
opposite  and  enhanced  fertility  by  inducing  ovulation. 

The  project  in  crystallizing  the  ER  did  not  go  as  planned,  so  he  rapidly  changed 
his  topic  with  a  new  title:  “A  study  of  the  oestrogenic  and  anti-oestrogenic  activities 
of  some  substituted  triphenylethylenes  and  triphenylethanes”  (Fig.  A. 3).  This  was  a 
good  strategic  research  choice,  as  no  one  has  yet  succeeded  in  crystallizing  the 
whole  ER  with  either  an  estrogen  or  antiestrogen.  But  further  difficulties  were  to 
arise  in  Craig’s  journey  to  a  career  in  cancer  research. 

As  a  Ph.D.  student,  Craig  was  talent  spotted  for  an  immediate  tenure  track 
faculty  position  because  of  his  skill  as  a  lecturer.  He  had  no  publications  and  his 
Ph.D.  topic  was  going  nowhere.  No  one  was  recommending  careers  in  failed 
contraceptives!  During  the  interview  with  the  University  Committee  charged  with 
making  the  appointment,  he  was  told  that  he  would  have  to  go  to  America  to  get  his 
BTA  (been  to  America)  before  he  could  start  the  job.  First,  however,  he  had  to  get  a 
Ph.D.,  and  to  do  that,  it  had  to  be  examined.  However,  the  university  could  find  no 
one  in  the  country  qualified  for  the  task.  Sir  Charles  Dodds,  the  discoverer  of  the 
synthetic  estrogen,  diethyl stilbestrol  (DES),  declined  with  regrets  as  he  had  not  kept 
up  with  the  literature  for  the  past  20  years!  But  here  is  where  luck  and  chance  take 
control.  He  was  in  the  right  place  at  the  right  time  and,  by  meeting  the  right  people, 
changed  medicine. 

Dr.  Arthur  Walpole  was  head  of  the  Fertility  Control  Program  at  ICI’s 
Pharmaceuticals  Division  and  a  personal  friend  of  the  chairman  of  Craig’s  Pharma¬ 
cology  Department.  The  university  reluctantly  accepted  Dr.  Walpole  (despite  the 
fact  that  he  was  from  industry!)  to  be  Craig’s  examiner,  and  he  was  also  able  to 
organize  a  2-year  visit  to  the  Worcester  Foundation  for  Experimental  Biology 
(WFEB)  in  Shrewsbury,  Massachusetts,  to  study  with  Dr.  Michael  Harper  on  new 
methods  of  contraception.  Harper  and  Walpole  had  completed  all  the  early  work  on 
ICI  46,474  as  a  contraceptive  at  ICI  Pharmaceuticals  in  the  early  1960s.  Craig 
vividly  remembers  the  transatlantic  telephone  call  with  Dr.  Harper:  “Can  you  come 
in  September?”  “Will  $12,000  a  year  be  enough?”  “Will  you  work  on 
prostaglandins?”  “Yes,  yes,  yes,”  he  replied  and  went  off  to  the  library  to  find  out 
what  prostaglandins  were!  But  when  he  got  to  the  WFEB  in  September  1972,  he 
was  told  that  Dr.  Harper  had  gone  to  Geneva  to  be  head  of  Contraception  Research 
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Fig.  A.l  Photograph  before  the  ceremony  for  the  degree  of  Doctor  of  Medicine  honoris 
causa  at  Leeds  University  on  18  July  2001.  Dr.  Edward  R.  Clark,  my  Ph.D.  supervisor 
(1969-1972)  (left),  and  Dr.  Ronnie  Kaye,  head  of  my  degree  course  (1965-1969)  (center), 
formally  from  the  Department  of  Pharmacology,  University  of  Leeds,  England.  I  am  on  the 
right  side  with  my  signature  glass  of  Burgundy 


Fig.  A.2  I  always  love  dressing  up.  The  University  of  Leeds  is  my  alma  mater,  and  I  have 
attended  four  ceremonies  there:  (a)  Bachelor  of  Science,  First  Class  Honours,  1969;  (b)  Doctor  of 
Philosophy,  1973;  (c)  Doctor  of  Science,  earned  by  examination.  A  select  committee  evaluated  my 
refereed  publications  to  establish  a  contribution  to  science,  1985;  (d)  Honorary  Doctor  of  Medi¬ 
cine  for  Humanitarian  Research,  2001 
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Fig.  A.3  My  first  publicity  photograph  during  the  time  that  I  was  a  Ph.D.  student  at  the 
Department  of  Pharmacology,  University  of  Leeds,  England,  1969-1972.  It  was  necessary  as  I 
had  been  selected  as  the  Medical  Research  Council’s  student  representative  to  the  Nobel  Prize 
Winner’s  meeting  in  Lindau,  Germany,  in  1972. 1  am  examining  cells  from  mouse  vaginal  smears; 
big  science.  Also  shown  is  my  Ph.D.  that  nobody  wanted  to  examine 

at  the  World  Health  Organization.  Craig  was  told  to  sit  down,  write  up  what  he 
would  do  for  the  next  2  years,  and  organize  his  own  laboratory.  He  was  now  an 
independent  investigator. 

A  phone  call  to  Dr.  Walpole  explained  his  dilemma  at  the  WFEB,  but  he  felt  that 
there  was  an  opportunity  for  the  failed  moming-after  pill,  ICI  46,474,  to  be  used  for 
the  treatment  of  breast  cancer.  This  call  was  rewarded  by  Dr.  Walpole  arranging  for 
funding  and  contacts  with  Ms.  Lois  Trench  at  ICI  America  for  Craig  to  conduct  the 
translational  research  on  the  drug  that  would  become  tamoxifen.  As  an  independent 
investigator,  the  research  funding  from  ICI  was  an  unrestricted  research  grant,  but 
as  Craig  was  not  a  cancer  research  scientist  and  he  was  at  WFEB,  the  home  of  the 
oral  contraceptive,  what  was  the  first  step  to  be?  Again,  it  is  who  you  meet.  After  the 
National  Cancer  Act  in  1971,  the  WFEB  director  had  made  the  decision  to  bring  a 
cancer  research  specialist  onto  the  Board  of  Scientific  Advisors  to  help  with  future 
funding  opportunities  in  hormones  and  cancer  research.  Dr.  Elwood  Jensen  was  the 
director  of  the  Ben  May  Laboratory  for  Cancer  Research  in  Chicago,  Illinois,  and 
was  credited  with  the  translational  research  where  he  described  the  ER  in  immature 
rat  estrogen  target  tissues  and  then  used  this  knowledge  to  propose  a  test  for  the 
hormone  dependency  of  metastatic  breast  cancers.  Simply  stated,  if  the  ER  is  absent 
in  the  tumor,  the  patient  was  unlikely  to  respond  to  endocrine  ablation  (oophorec¬ 
tomy,  adrenalectomy,  or  hypophysectomy),  but  if  the  tumor  was  ER  positive,  there 
was  a  high  probability  that  the  tumor  would  respond  to  estrogen  withdrawal.  It  was 
a  practical  test  to  avoid  morbidity  from  unnecessary  operations  that  require 
hospitalization. 

Craig  spent  the  day  with  Dr.  Elwood  Jensen  in  November  1972  and  told  him 
what  he  wanted  to  do  with  ICI  46,474.  Craig  subsequently  traveled  to  the  Ben  May 
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138  Laboratory  for  Cancer  Research  to  be  taught  techniques  of  ER  analysis  and  to  learn 

139  all  about  the  dimethylbenzanthracene  (DMBA)  rat  mammary  carcinoma  model  and 

140  then  to  Dr.  Bill  McGuire’s  laboratory  in  San  Antonio,  Texas,  to  learn  complemen- 

141  tary  analytical  methods  for  the  ER.  Armed  with  these  techniques  and  resources 

142  from  ICI  throughout  the  1970s  (his  first  decade  of  discovery),  he  created  the 

143  laboratory  principles  of  targeting  the  tumor  ER  and  advocating  the  use  of  long- 

144  term  adjuvant  tamoxifen  therapy  as  the  appropriate  clinical  strategy  to  save  lives 

145  (Fig.  A.4)  [3,  4].  This  proposition  by  Craig  was  not  at  all  popular,  as  throughout  the 

146  1  970s  and  1980s  in  the  United  Kingdom,  it  was  strongly  believed  there  was  no 

147  correlation  between  tamoxifen  use  and  the  presence  of  the  ER  in  breast  tumors. 

148  Additionally,  nobody  was  interested  in  a  new  antihormone  therapy,  as  combination 

149  cytotoxic  chemotherapy  was  king.  It  was  going  to  cure  cancer.  However,  Craig 

150  persevered  and  had  the  courage  of  his  convictions  that  his  laboratory  research 

151  would  save  lives.  As  it  turned  out,  tamoxifen  has  probably  saved  more  lives  than 

152  any  other  cancer  therapeutic  drug. 

153  Craig  also  learned  an  important  lesson  at  the  WFEB  around  the  time  he  was  to 

154  leave  and  return  to  Leeds.  A  senior  scientist  at  the  WFEB,  Dr.  Eliahu  Caspi,  invited 

155  Craig  to  his  office  for  an  interview  to  explore  the  possibility  of  Craig  staying  at  the 

156  WFEB.  Craig  recalls  this  was  a  very  frightening  experience,  for  Dr.  Caspi  had  a 

157  no-nonsense  personality,  judged  people,  and  said  what  he  thought.  He  stated  that  he 

158  had  been  asked  to  evaluate  my  CV,  as  everybody  was  of  the  opinion  that  I  would  be 

159  a  useful  asset  at  the  WFEB.  He  stared  at  Craig  across  the  desk  and  said,  “You  don’t 

160  have  a  CV,  as  you  have  no  publications.”  After  the  initial  shock,  Craig  responded, 

161  “But  I  haven’t  discovered  anything  yet.”  The  advice  Craig  received  was  some  of  the 

162  best  advice  he  had  received  thus  far  in  his  career.  He  was  told  “to  tell  them  the  story 

163  so  far  and  link  together  several  related  publications  to  create  a  theme.”  Craig  has 

164  done  this  ever  since,  creating  the  theme  of  tamoxifen.  In  1998,  with  the  release  of 

165  the  successful  chemoprevention  trial  with  tamoxifen,  Craig  was  referred  to  as  the 

166  “Father  of  Tamoxifen”  by  the  Chicago  Tribune ,  a  title  that  has  stuck  to  this  day. 

167  Although  many  people  published  using  tamoxifen  in  their  studies  as  a  laboratory 

168  tool  or  used  it  in  the  1960s  in  reproduction  research,  Craig’s  focus  from  the  outset 

169  was  clear;  the  goal  was  to  develop  a  medicine  for  the  treatment  and  prevention  of 

170  breast  cancer  (he  conducted  the  first  chemopreventive  study  in  the  laboratory  in 

171  1974  [7],  3  years  before  the  drug  was  approved  by  the  FDA  for  the  treatment  of 

172  metastatic  breast  cancer  in  postmenopausal  women).  Craig  stresses  that  but  for  the 

173  unrestricted  support  from  ICI,  meeting  the  right  people  and  his  uncompromising 

174  determination  (many  referred  to  this  at  the  time  as  poor  career  judgment),  tamoxi- 

1 75  fen  would  probably  not  have  happened.  Scientists  at  ICI  did  not  conduct  any  studies 

176  with  the  drug  as  an  antitumor  agent.  Indeed,  in  late  1972,  all  of  the  data  with  ICI 

1 77  46,474  was  reviewed  and  the  research  director  terminated  clinical  trials  and  stopped 

178  the  development  project.  The  Marketing  Department  had  decided  that  a  treatment 

179  for  metastatic  breast  cancer  was  not  going  to  generate  sufficient  revenue. 

180  Arthur  Walpole  was  toward  the  end  of  his  career  and  chose  to  take  early 

181  retirement,  but  only  agreed  to  remain  an  employee  if  funds  could  be  given  to  a 

182  young  man  he  had  met,  Craig  Jordan,  who  (as  he  did)  wanted  to  turn  ICI  46,474  into 
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Fig.  A.4  The  I.C.I.  Pharmaceuticals  at  King’s  College,  Cambridge,  Meeting  in  the  summer  of 
1977.  The  goal  of  the  meeting  was  physician  education  about  research  being  done  with  tamoxifen. 
This  was  the  first  time  I  presented  in  public  my  ideas  about  targeting  the  tumor  ER  and  using  long¬ 
term  treatment  with  tamoxifen  as  the  best  strategy  to  be  applied  to  adjuvant  therapy  [5].  Reviews 
on  Endocrine-related  Cancer  (49-55).  However,  the  major  presentation  that  made  everything 
change  clinically  was  in  Arizona  in  1979  [6].  In  the  above  picture,  Michael  Baum  {right),  was  the 
Chair  of  the  session  at  King’s  College  and  stated  that  they  had  plans  to  use  2  years  of  tamoxifen  as 
an  adjuvant  therapy  {on  a  hunch).  Helen  Stewart  {left)  was  considering  starting  a  pilot  trial  in 
Scotland  using  5  years  of  adjuvant  tamoxifen  for  the  treatment  of  patients.  For  the  placebo  arm, 
patients  would  be  treated  with  tamoxifen  at  first  recurrence.  If  toxicity  was  acceptable,  they  would 
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183  a  drug  to  treat  breast  cancer.  Walpole  and  Craig  subsequently  worked  together  on 

184  an  ICI/University  joint  research  scheme  when  Craig  returned  as  lecturer  in  the 

185  Department  of  Pharmacology  at  the  University  of  Leeds  in  September  1974.  Earlier 

186  in  his  career,  Dr.  Walpole  was  an  accomplished  cancer  research  scientist,  but  had 

187  not  been  allowed  to  work  in  this  area  by  ICI  because  fertility  control  was  considered 

188  to  be  potentially  more  lucrative  [8].  Dr.  Walpole  died  suddenly  on  July  2,  1977, 

189  before  he  could  witness  the  success  of  Craig’s  laboratory  strategy  for  the  treatment 

190  and  prevention  of  breast  cancer. 

191  The  clinical  development  of  tamoxifen  was  very  progressive  and  validated  all 

192  your  assumptions.  Could  you  tell  us  how  you  were  involved  in  the  clinical 

193  evaluation  and  how  you  convinced  the  company  to  invest  in  what  may  have 

194  been  very  challenging  trials? 

195  I  think  it’s  fair  to  say  that  this  was  not  the  real  story,  but  the  real  story  is 

196  unbelievable.  I  have  always  considered  my  research  as  being  a  conversation 

197  between  the  laboratory  and  the  clinic,  and  I  had  the  privilege  of  first  introducing 

198  tamoxifen  to  clinical  trials’  organizations  in  America.  My  objective  was  to  provide 

199  a  scientific  rationale  for  the  clinical  studies  in  treatment  and  prevention.  My 

200  research  and  qualifications  were  required  to  obtain  approval  for  tamoxifen  as  a 

201  medicine  in  both  Japan  and  Germany,  and  I  was  delighted  to  be  the  only  person 

202  invited  from  outside  of  ICI  Pharmaceuticals  to  attend  a  celebration  in  1977,  of  the 

203  Queen’s  Award  for  Technological  Achievement  for  tamoxifen.  The  surprising  part 

204  about  the  tamoxifen  story  is  that  although  patents  for  the  drug  were  obtained  by  ICI 

205  Pharmaceuticals  around  the  world,  in  the  mid-1960s,  these  same  patents  were 

206  denied  in  the  United  States  of  America.  Thus,  all  of  the  work  I  was  completing 

207  on  the  antitumor  actions  of  tamoxifen  in  the  United  States  was  done  without  patent 

208  protection  for  ICI.  Looked  at  another  way,  it  was  clear  that  all  the  other  pharma- 

209  ceutical  companies  had  no  interest  in  the  clinical  development  of  tamoxifen, 

210  because  either  the  drug  was  not  going  to  work  very  well  or  not  generate  enough 

211  revenue.  But  it  was  my  clinical  strategy  of  long-term  adjuvant  therapy  that  saved 

212  lives  and  made  revenues  [9].  Clinical  testing  went  ahead  and  when  the  patents 

213  expired  in  the  rest  of  the  world,  ICI  was  awarded  the  patent  for  the  use  of  tamoxifen 

214  in  the  treatment  of  breast  cancer  in  1985,  but  backdated  to  the  original  patent 

215  application  in  1965.  Now,  extended  adjuvant  therapy  was  the  practical  solution 

216  for  effective  treatment.  Thus,  for  the  next  20  years,  ICI  was  able  to  generate 


Fig.  A.4  (continued)  move  forward  to  test  the  idea  of  early  long-term  treatment  or  late  treatment  at 
first  recurrence.  Both  trials  showed  survival  advantages  for  long-term  adjuvant  tamoxifen.  The 
week  after  the  King’s  College  Meeting,  I  was  at  the  University  of  Wisconsin  at  their  Comprehen¬ 
sive  Cancer  Center  to  convince  clinicians  of  the  Eastern  Cooperative  Oncology  Group  (ECOG) 
that  longer  was  going  to  be  better.  At  the  time,  tamoxifen  was  not  on  the  market  in  America  but  I 
was  talent  spotted  by  Paul  Carbone,  the  Head  of  ECOG  and  the  director  of  the  Comprehensive 
Cancer  Center,  to  be  recruited  to  the  University  of  Wisconsin,  Department  of  Human  Oncology. 
Eventually,  I  would  be  the  director  of  their  Breast  Cancer  Research  and  Treatment  Program 
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enormous  revenues  in  the  United  States,  as  tamoxifen  was  the  standard  of  care  for 
long-term  adjuvant  tamoxifen  therapy  and  the  only  game  in  town.  This  money 
catalyzed  the  advent  of  ICI  marketing  antiandrogens  for  prostate  cancer  and  the 
aromatase  inhibitors  for  breast  cancer. 

Watching  your  scientific  activity  since  the  beginning,  you  always  seem  fasci¬ 
nated  by  the  development  of  small  molecules  since  their  conception  up  to  their 
development.  Is  that  what  gives  you  much  fun  in  your  work? 

I  absolutely  love  experiments  involving  the  structure-function  relationships  of 
the  antiestrogens.  My  basic  scientific  research  has  been  to  create  models  of  gene 
modulation  or  replication  to  determine  the  structure  of  the  ER  antiestrogen  complex 
that  subsequently  could  be  interrogated.  This  passion  resulted  in  a  whole  series  of 
publications  focused  on  the  modulation  of  the  prolactin  gene  [10-12]  which  then 
went  through  a  metamorphosis  to  study  the  modulation  of  the  SERM  ER  complex 
and  the  way  that  the  ligand  can  interact  with  specific  amino  acids,  thereby  switching 
on  or  switching  off  the  complex  at  target  genes  [13].  We  actually  found  the  only 
natural  mutation  of  the  human  ER  in  a  laboratory  model  of  tamoxifen- stimulated 
tumor  growth.  We  engineered  the  mutant  ER  into  ER-negative  breast  cancer  cells 
and  found  it  would  make  the  antiestrogen,  raloxifene,  an  estrogen  at  the 
transforming  growth  factor-alpha  (TGF-a)  target  gene.  For  me,  this  was  important 
as  one  amino  acid  in  the  ER  could  change  the  pharmacology  of  raloxifene.  In  other 
words,  this  provided  a  fascinating  insight  into  the  relationship  of  the  antiestrogenic 
side  chain  and  a  specific  amino  acid  at  the  surface  of  the  ER  protein  [14-17]. 

Do  you  think  that  a  drug  may  have  a  commercial  future  in  the  chemopreven- 
tion  of  cancer? 

As  you  know,  we  have  made  enormous  progress  with  advancing  the  failed  breast 
cancer  drug,  raloxifene,  and  millions  of  women  are  now  benefiting  from  its  use  for 
the  treatment  of  osteoporosis,  but  with  a  reduction  in  breast  cancer  incidence  at  the 
same  time.  This  is  the  practical  reality  of  our  early  translational  research  completed 
at  the  University  of  Wisconsin  in  the  second  decade  of  discovery  (1980s).  The 
“Tamoxifen  Team”  discovered  selective  estrogen  receptor  modulation  and  tamoxi¬ 
fen  and  raloxifene  were  both  now  classified  as  SERMs  [18].  But  the  realization  that 
tamoxifen  could  not  possibly  have  widespread  use  because  it  increases  the  risk 
(though  this  is  very  small)  of  endometrial  cancer  in  postmenopausal  women  [19], 
naturally  guided  us  to  our  new  SERM  strategy  in  the  late  1980s.  We  discovered  that 
SERMs  maintain  bone  density  [20]  and  therefore  could  potentially  prevent  osteo¬ 
porosis  with  the  beneficial  antiestrogenic  side  effect  of  preventing  breast  cancer 
[21].  We  had  solid  translational  research,  as  we  had  found  that  tamoxifen  built 
bone  both  in  the  laboratory  [20]  and  in  clinical  trial  [22] .  Raloxifene  has  a  better 
safety  profile  and  does  not  increase  the  risk  of  endometrial  cancer  [23],  but  it  does 
not  reduce  the  risk  of  coronary  heart  disease.  I  think  the  new  SERM,  lasofoxifene 
[24],  is  very  good,  as  it  prevents  osteoporosis,  breast  cancer,  coronary  heart  disease, 
and  strokes,  but  without  an  increase  of  endometrial  cancer.  The  problem  is  how  to 
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259  advance  in  a  crowded  market  with  low  budgets  for  marketing.  Lasofoxifene  is 

260  approved  but  not  marketed  in  the  European  Union. 

261  No  molecule  targeting  estrogen  receptor  has,  to  date,  proved  to  be  more 

262  efficient  than  tamoxifen  in  patients  despite  the  development  of  a  number  of 

263  promising  compounds.  How  do  you  explain  that?  Was  it  a  choice  of  the 

264  pharmaceutical  industry  because  of  the  cost  of  the  development  of  such 

265  compound? 

266  The  issue  with  tamoxifen  is  unique.  It  was  clearly  lucky  that  tamoxifen  had  an 

267  acceptable  toxicology  profile  for  the  treatment  of  cancer.  It  came  onto  the  market  at 

268  a  time  when  the  standard  of  care  was  combination  cytotoxic  chemotherapy,  so 

269  tamoxifen  looked  good  to  patients.  Tamoxifen  was  not  supposed  to  succeed  but 

270  advanced  from  strength  to  strength  for  20  years.  However,  things  change  very 

271  rapidly  in  the  arena  of  patient  preference.  In  the  early  1990s,  when  tamoxifen 

272  was  being  considered  for  testing  as  a  chemopreventive  and  the  specter  of  endome- 

273  trial  cancer  translated  from  the  laboratory  [19]  to  clinical  practice,  this  was  clearly 

274  not  good  news  for  well  women.  Worse  still,  tamoxifen  was  found  to  produce  DNA 

275  adducts  in  rat  liver  and  initiate  rat  liver  hepatocarcinogenesis  [25].  Although  liver 

276  tumors  did  not  translate  to  clinical  practice,  this  did  not  lessen  concern,  as  the  drug 

277  ended  up  with  a  black  box  label  as  a  human  carcinogen.  Timing  is  everything  with 

278  discovery  and  competitors  could  never  catch  up  with  clinical  testing,  despite  the 

279  fact  they  may  have  been  safer.  We  will  never  know. 

280  To  demonstrate  that  natural  or  synthetic  molecules  can  prevent  the  occurrence 

281  of  cancer  is  long  and  expensive.  This  raises  the  question  of  the  life  of  the  patents 

282  but  also  the  natural  molecules,  which  may  not  be  patentable.  Do  you  think 

283  there  may  be  solutions  to  these  problems? 

284  I  think  it’s  currently  impossible  to  find  a  solution  to  this  dilemma.  Clearly,  the 

285  pharmaceutical  industry  will  never  advance  with  20  year  studies  because  the 

286  patents  will  run  out.  But  here  is  a  controversial  point:  the  success  of  healthcare 

287  has  now  created  the  situation  of  increased  longevity,  so  that  drugs  that  enhance 

288  survival  through  prevention  can  only  make  matters  worse.  What  is  society  to  do? 

289  How  does  society  find  the  resources  to  support  an  aging  population? 

290  You  have  developed  recently  a  very  provocative  approach  using  estrogens  for 

291  the  treatment  of  breast  cancers.  This  can  be  considered  as  a  paradoxical  use  of 

292  estrogens?  Could  you  explain  us  a  little  bit  about  that. 

293  The  third  and  fourth  decades  have  been  a  wonderful  surprise  in  our  journey  of 

294  discovery.  We  posed  the  question  (based  upon  the  clinical  acceptance  of  long-term 

295  antihormonal  therapy  [9]  as  the  most  appropriate  adjuvant  treatment  for  breast 

296  cancer),  what  would  be  the  mechanism  and  the  timeframe  for  acquired  antihormone 

297  resistance?  Our  first  model  clearly  showed  something  unique  as  far  as  drug  resis- 

298  tance  is  concerned — SERM-stimulated  growth,  something  that  is  not  seen  with  any 

299  other  drug  in  cancer  therapy  [26].  This  form  of  resistance  occurred  within  a  year  or 

300  two  and  was  consistent  with  the  development  of  acquired  resistance  to  tamoxifen  in 
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metastatic  breast  cancer.  However,  here  was  the  dilemma:  this  model  did  not 
replicate  the  outstanding  success  observed  with  5  years  of  adjuvant  tamoxifen 
treatment  [27].  In  fact,  5  years  of  treatment  continues  to  enhance  decreases  in 
mortality  for  more  than  a  decade  once  tamoxifen  is  stopped.  By  a  series  of  lucky 
accidents,  one  of  my  students  (Doug  Wolf)  discovered  that  physiologic  estrogen 
could  cause  dramatic  tumor  regression  after  5  years  of  tamoxifen  treatment,  i.e., 
serial  transplantation  of  tamoxifen-resistant  tumors  into  generations  of  tamoxifen- 
treated  mice  [28].  This  discovery  reminded  me  of  the  words  of  Sir  Alexander 
Haddow,  FRS  in  1970  during  the  Inaugural  Kamofsky  Lecture  at  the  American 
Society  of  Clinical  Oncology  (ASCO):  “. . .  the  extraordinary  extent  of  tumour 
regression  observed  in  perhaps  1  %  of  post-menopausal  cases  (with  oestrogen)  has 
always  been  regarded  as  of  major  theoretical  importance,  and  it  is  a  matter  for  some 
disappointment  that  so  much  of  the  underlying  mechanisms  continues  to  elude 
us  . . .”  [29].  It  is  now  clear  that  aggressive  estrogen  deprivation  with  aromatase 
inhibitors  or  SERMs  can  rapidly  reconfigure  breast  cancer  cells  through  an  evolu¬ 
tion  of  drug  resistance,  which  exposes  a  vulnerability  that  could  not  be 
anticipated — physiological  estrogen-induced  apoptosis  [30,  31].  When  Haddow 
did  his  original  work  using  high-dose  DES  for  the  treatment  of  metastatic  breast 
cancer  in  women  during  their  late  60s  and  70s,  the  best  therapeutic  results  occurred 
the  further  away  the  patient  was  from  the  menopause.  Antihormone  therapy 
accelerates  all  of  that  in  breast  cancer,  so  physiologic  estrogen  can  initiate  the 
same  triggering  mechanism.  Indeed,  this  is  possibly  the  same  mechanism  that  is 
occurring  in  the  Women’s  Health  Initiative  (WHI)  by  conjugated  equine  estrogen 
(CEE)  alone  actually  produces  a  decrease  in  the  incidence  of  breast  cancer  in 
hysterectomized  postmenopausal  women  [32].  What  is  particularly  interesting 
about  these  data  is  the  6  years  of  monitoring  after  CEE  is  stopped,  there  is  a 
continued  reduction  in  the  incidence  of  breast  cancer,  i.e.,  the  estrogen  has 
destroyed  the  nascent  breast  cancer  cells  in  the  ducts  [33].  Our  current  laboratory 
work  is  focused  entirely  on  deciphering  the  molecular  mechanism  of  estrogen- 
induced  apoptosis  [34].  In  this  way,  we  may  find  the  vulnerability  triggered  by  the 
ER  estrogen  complex  for  cellular  destruction;  that  vulnerable  site  in  the  cancer  cell 
may  be  the  next  target  for  a  new  class  of  selective  anticancer  agents  applicable  to 
sites  other  than  breast  cancer. 

Your  contributions  to  medicine  have  received  a  lot  of  recognition  but  how  does 
one  become  the  “Diana,  Princess  of  Wales  Professor  of  Cancer  Research”? 

Life  is  all  about  chance  meetings.  In  the  mid-1990s,  I  was  invited  to  organize  a 
Breast  Cancer  Symposium  in  Chicago,  and  Diana  was  my  keynote  speaker 
(Fig.  A. 5).  She  came  on  a  3-day  visit  to  Northwestern  University  and  the  Robert 
H.  Lurie  Comprehensive  Cancer  Center.  Naturally,  it  was  a  very  special  time  and 
when  she  left  to  return  to  London,  we  agreed  to  correspond  and  I  sent  her  copies  of 
my  books  on  tamoxifen.  There  was  even  talk  of  a  return  trip  for  either  her  or  Prince 
William  or  Prince  Harry  to  open  one  of  our  new  research  buildings.  Regrettably, 
everything  changed  with  her  untimely  death  in  a  tragic  car  accident  in  Paris  on 
August  31,  1997.  An  anonymous  donation  was  subsequently  made  to  the  Robert 
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Fig.  A.5  The  Diana,  Princess  of  Wales  Chair  of  Cancer  Research.  In  June  1996,  Diana,  the 
Princess  of  Wales  visited  Chicago  for  3  days  and  we  first  met  (a)  at  the  evening  reception  at  the 
home  of  the  President  of  Northwestern  University,  Henry  Bienen.  The  Chair  was  anonymously 
endowed  at  the  Robert  H.  Lurie  Comprehensive  Cancer  Center  after  Diana’s  untimely  death  on 
3 1  August  1997. 1  was  inaugurated  on  23  October  1999,  being  presented  with  a  unique  Professorial 
medal  (b)  with  copies  being  sent  to  her  sons  Prince  William  and  Harry  and  also  kept  by  my 
daughters,  Helen  and  Alexandra.  My  students  presented  me  with  an  engraved  sword  (c)  to 
commemorate  the  event  and  their  names,  and  the  dates  of  the  award  of  their  Ph.D.  degrees  are 
engraved  on  the  scabbard  (d) 

H.  Lurie  Comprehensive  Cancer  Center,  and  with  letters  from  Lady  Sarah 
McCorquodale  (her  sister)  and  the  Earl  Spencer  (her  brother),  it  was  agreed  that  I 
would  hold  a  professorship  at  Northwestern  University  in  her  name.  Essentially,  it 
was  my  British  citizenship,  a  British  medicine  (tamoxifen),  and  our  meeting  and 
correspondence  that  was  important  to  the  family.  On  October  23,  1999,  the  Profes¬ 
sorship  was  conferred  on  me  by  Henry  Bienen,  the  president  of  Northwestern 
University,  and  over  a  2-day  period,  there  was  a  symposium  in  my  honor  by  my 
former  Ph.D.  students,  and  during  the  celebration  dinner,  attended  by 
representatives  from  the  British  Embassy,  Barry  Furr  (the  Chief  Scientist  from 
ICI),  family,  friends,  and  colleagues,  my  students  presented  me  with  an  engraved 
sword  (Fig.  A.5)  with  each  of  the  dates  of  their  Ph.D.  engraved  on  the  scabbard  as 
battle  honors — very  moving! 

You  have  contributed  more  than  600  research  and  review  papers  to  the 
literature  with  more  than  23,000  citations  and  an  h-index  of  80.  If  you  had  to 
select  ten  of  your  research  papers  and  three  reviews,  which  would  they  be  and 
why? 


361  •  Jordan  V.  C.  (1976).  Eur  J  Cancer  12:  419^-24.  Literally  my  first  cancer 

362  research  paper  with  tamoxifen  that  was  rejected  in  1974,  but  with  kind  and 

363  generous  comments  from  one  of  the  reviewers.  I  persevered  and  eventually  this 

364  was  one  of  the  papers  from  my  work  used  to  justify  the  chemoprevention  trials. 

365  •  Jordan  V.  C.  and  Allen  K.  E.  (1980).  Eur  J  Cancer  16:  239-251.  The  paper 

366  makes  three  points:  this  is  the  first  refereed  article  that  longer  treatment  is  going 

367  to  be  better  than  shorter  treatment;  our  discovery  of  4 -hydroxy tamoxifen’s 
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pharmacology  as  a  potent  antiestrogen  with  a  binding  affinity  for  ER  equivalent 
to  estradiols  [35]  naturally  made  us  think  that  this  would  be  a  more  powerful 
anticancer  agent — not  true,  cleared  too  quickly — and  finally,  we  stated  that 
antiestrogen  treatment  followed  by  estrogen  deprivation  would  be  a  good  strat¬ 
egy  for  people — true. 

•  Gottardis  M.  M.,  et  al.  (1988).  Cancer  Res  48:  812-815.  This  was  the  paper  that 
warned  the  clinical  community  that  tamoxifen  could  potentially  increase  the 
incidence  of  endometrial  cancer  in  patients — true. 

•  Gottardis  M.  M.  and  Jordan  V.  C.  (1988).  Cancer  Res  48:  5183-5187.  This  was 
the  first  report  that  acquired  drug  resistance  with  tamoxifen  was  unique  and 
stimulated  by  SERMs — true. 

•  Love  R.  R.,  et  al.  (1992).  New  Engl  J  Med  326:  852-856.  This  was  the 
randomized  clinical  trial  based  on  our  laboratory  evidence  and  subsequently 
those  of  others  that  tamoxifen  would  maintain  bone  density  in  people.  This  paper 
opened  the  door  to  raloxifene. 

•  Levenson  A.  S.  and  Jordan  V.  C.  (1998).  Cancer  Res  58:  1872-1875.  A  clean 
demonstration  that  a  mutant  ER  found  in  a  tamoxifen-stimulated  tumor  by  a 
previous  Ph.D.  student  (Doug  Wolf)  could  change  an  antiestrogen  to  an  estro¬ 
gen.  This  could  be  done  by  a  natural  process. 

•  Cummings  S.  R.,  et  al.  (1999).  JAMA  281 :  2189-2197.  Proof  of  principle  that  the 
concept  we  first  articulated  back  in  the  late  1980s  that  you  could  develop  a 
SERM  to  prevent  osteoporosis  and  prevent  breast  cancer  at  the  same  time — true. 

•  Yao  K.,  et  al.  (2000).  Clin  Cancer  Res  6:  2028-2036.  The  first  refereed  publica¬ 
tion  to  demonstrate  that  drug  resistance  to  tamoxifen  evolves  and  exposes  a 
vulnerability  to  permit  physiologic  estrogen  to  cause  tumor  regression.  Subse¬ 
quently  translated  to  the  clinic — true. 

•  Vogel  V.  G.,  et  al.  (2006).  The  Study  of  Tamoxifen  and  Raloxifene  (STAR): 
Report  of  the  National  Surgical  Adjuvant  Breast  and  Bowel  Project  P-2  Trial. 
JAMA.  295:  2727-2741.  Two  discarded  drugs  from  the  pharmaceutical  industry 
that  were  reinvented  in  the  same  pharmacology  laboratory  to  become  the 
pioneering  chemopreventive  agents  and  FDA-approved — true. 

•  Vogel  V.  G.,  et  al.  (2010).  Cancer  Prev  Res  3:  696-706.  A  follow-up  of  the  trial 
several  years  after  stopping  SERM  treatment,  confirmed  the  predictions  of  one 
of  my  Ph.D.  students  (Marco  Gottardis)  in  1987  that  tamoxifen  would  be  the 
better  chemopreventive  in  the  long  term. 

I’ve  always  viewed  an  invitation  to  write  a  review  article  from  a  journal  as  a 

wonderful  opportunity  to  project  your  personality,  express  your  views,  and,  most 

importantly,  reach  out  to  young  scientists  and  graduate  students  as  theirs  is  the 

future.  Here  are  my  three  choices: 

•  Jordan  V.  C.  (1984).  Pharm  Rev  36:  245-276.  This  was  my  first  major  review 
when  I  first  came  to  America.  No  one  had  really  treated  the  topic  as  an  issue  in 
pharmacology,  as  all  of  the  previous  reviews  in  the  1960s  and  1970s  were  about 
the  control  of  fertility.  I  wanted  a  summary  of  the  mechanisms  of  action  of 
antiestrogens.  It  was  all  of  our  knowledge  up  to  that  point  (423  citations). 
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Fig.  A.6  Signing  the  “Great  Book”  of  Members  of  the  National  Academy  of  the  Sciences  USA 
during  the  Induction  Ceremony  on  April  24,  2010 

412  •  Jordan  V.  C.  (2006).  Br  J  Pharmacol  147:  S269-S276. 1  was  thrilled  to  be  asked 

413  by  the  British  Pharmacological  Society  to  write  the  story  of  my  research  in  a 

414  Special  Issue  of  our  Journal.  I  got  wonderful  feedback  from  students. 

415  •  Jordan  V.  C.  (2009).  Cancer  Res.  69:  1243-1254. 1  was  proud  to  be  asked  by  the 

416  American  Association  for  Cancer  Research  (AACR)  to  contribute  a  review  of 

417  progress  in  hormone  dependent  tumors  as  a  part  of  a  series  to  celebrate  the  100th 

418  anniversary  of  AACR. 

419 

420  I  see  that  you  received  the  David  A.  Karnofsky  Award  in  2008  from  ASCO,  but 

421  it  is  stated  in  the  regulations  for  the  Award  that  it  is  given  in  “recognition  of 

422  innovative  clinical  research  and  developments  that  have  changed  the  way 

423  oncologists  think  about  the  general  practice  of  oncology.”  You  are  a  laboratory 

424  scientist  and  not  a  clinician;  didn’t  this  surprise  you? 

425  When  I  received  the  telephone  call  from  the  chair  of  the  Awards  Committee, 

426  Gabriel  Hortobagyi,  I  was  absolutely  dumbfounded,  because  naturally,  I  knew  I 

427  was  not  a  clinician!  All  previous  recipients  were  clinicians.  This  is  ASCO’s  highest 

428  award,  and  I  was  being  asked  to  join  the  legends  of  clinical  practice.  For  the  first 

429  15  min  of  my  conversation  with  Gabriel,  I  examined  with  him  every  reason  why  I 

430  should  not  be  their  recipient.  After  15  min,  he  became  exasperated  and  said,  “Is  this 

431  a  ‘Yes,  I  accept’?”  I  accepted  the  honor.  Apparently,  I  learned  that  the  reason  the 

432  committee  selected  my  work  was  because  as  a  laboratory  scientist  and  a  pharma- 

433  cologist,  I  had  always  been  present  at  clinical  breast  cancer  meetings  over  the 

434  decades,  putting  forward  my  point  of  view  in  cancer  treatment  with  SERMs.  For 

435  me,  the  promise  of  life  was  the  most  important  goal.  But  safety  was  essential.  The 

436  involvement  I  had  every  day  with  the  clinical  evaluation  of  tamoxifen  [22], 
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Fig.  A.7  Honorary  Fellowship  of  the  Royal  Society  of  Medicine  awarded  by  Professor  Ilora 
Finlay,  Baroness  Finlay  of  Llandaff,  president  of  the  Royal  Society  of  Medicine  (2008).  This 
honor  is  awarded  to  individuals  of  international  standing  who  have  eminently  distinguished 
themselves  in  the  service  of  medicine  and  the  fields  which  influence  it.  The  Society  permits,  at 
most,  100  people  into  this  elite  group  at  any  one  time.  In  2008,  there  were  only  89  Honorary 
Fellows  worldwide.  In  2009, 1  received  the  Jephcott  Medal  from  the  Royal  Society  of  Medicine, 
and  in  2010, 1  was  elected  as  the  president  of  the  Royal  Society  of  Medicine  Foundation  in  North 
America 

followed  by  leadership  positions  for  the  evaluation  of  raloxifene  [23],  and  then  as 
the  scientific  chair  of  the  Study  of  Tamoxifen  and  Raloxifene  (STAR)  [36,  37] 
allowed  me  to  deploy  the  knowledge  generated  by  my  “Tamoxifen  Team”  over 
decades  to  save  lives  and  advance  women’s  health  [38].  Please  remember  that  when 
I  started  this  improbable  and  unlikely  journey  at  the  beginning  of  the  1970s,  cancer 
therapeutics  with  a  targeted  agent,  chemoprevention,  and  the  drug  group,  SERMs 
(or  even  tamoxifen  for  that  matter!)  did  not  exist.  Cancer  research  was  not 
recommended  as  a  career  for  the  pharmacologist  and  the  pharmacologist  would 
not  knowingly  venture  into  women’s  health.  All  of  the  revenues  in  the  pharmaceu¬ 
tical  industry  were  derived  from  heart  drugs  and  drugs  that  affected  the  central 
nervous  system  (e.g.,  tranquilizers)  (Fig.  A. 6). 
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448  When  I  was  starting  the  research  for  my  Ph.D.  at  Leeds  University,  Sir 

449  Alexander  Haddow,  FRS  in  the  Inaugural  Karnofsky  Lecture  [29],  was  dismayed 

450  at  the  prospect  for  cancer  therapeutics.  Unlike  the  success  noted  with  antibiotics  for 

451  the  treatment  of  different  infectious  diseases,  there  were  no  laboratory  tests  to 

452  establish  whether  chemotherapy  would  be  effective  or  not.  The  physician  just  had 

453  to  give  it  to  the  patient  and  see  if  it  worked!  Haddow  was  also  not  convinced  that  a 

454  cancer- specific  drug  could  be  developed  because  cancer  was  self.  In  Haddow ’s 

455  Karnofsky  Lecture  publication,  there  was  one  glimmer  of  hope:  Haddow  had  used 

456  the  first  chemical  therapy  to  treat  any  cancer,  i.e.,  high-dose  estrogen  to  treat 

457  metastatic  breast  cancer  in  women  in  their  late  60s  and  70s.  He  observed  that 

458  some  of  the  responses  just  melted  the  tumors  away.  But  he  was  dismayed  that  the 

459  mechanisms  had  remained  elusive.  I  am  pleased  to  say  that  we  have  now  solved  the 

460  question  surrounding  the  mechanism  of  estrogen-induced  apoptosis  [34]  (Fig.  A.7). 

461  It  is  fair  to  say  that  the  work  that  has  evolved  and  developed  on  the  treatment  and 

462  prevention  of  breast  cancer  over  the  past  four  decades  has  changed  our  outlook  and 

463  replaced  pessimism  with  hope.  The  first  decade  of  discovery  was  essential  to  move 

464  forward  in  the  field  [9].  It  has  not  only  been  possible  to  create  change  in  medical 

465  practice,  but  the  laboratory  principles  all  translated  to  patient  care  to  save  or  at  least 

466  extend  lives.  That  is  what  pharmacology  is. 

467  In  closing,  I  must  end  where  we  began.  I  have  thanked  Drs.  Kaye  and  Clark 

468  (Fig.  A.l)  many  times  for  the  opportunity  they  gave  me  with  a  place  at  Leeds 

469  University.  The  reply  I  received  was  usually  “we  were  only  doing  our  job.”  Good 

470  words  to  remember  and  live  by. 
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2012  ASPET  Goodman  and  Gilman  Award  586 

2011  St.  Gallen  International  Breast  Cancer  Award  587 

2009  Elected  to  National  Academy  of  Sciences  (USA)  588 

2009  Fellow  of  the  Academy  of  Medical  Sciences  (UK)  589 

2008  Honorary  Fellowship  of  the  Royal  Society  of  Medicine  590 

2008  American  Society  of  Clinical  Oncology  38th  David  A.  Kamofsky  Award  591 

2007  Gregory  G.  Pincus  Award  and  Medal.  Worcester  Foundation  for  Biomedical  592 

Research 

2006  American  Society  Award  for  Chemoprevention,  American  Society  of  Clinical  593 

Oncology 

2005-2009  Endowed  Chair:  Alfred  G  Knudson  Chair  in  Basic  Science,  Fox  Chase  594 

Comprehensive  Cancer  Center 

2005  Honorary  Doctor  of  Science  Degree.  University  of  Bradford,  England  595 

2003  The  Charles  F.  Kettering  Prize  of  the  General  Motors  Cancer  Research  Foundation.  596 

2002  Officer  of  the  Most  Excellent  Order  of  the  British  Empire  (OBE)  597 

2002  American  Cancer  Society  Medal  of  Honor  (Basic  Research  Award).  598 

2002  Inaugural  Dorothy  P.  Landon  American  Association  for  Cancer  Research  (AACR)  599 

Prize  in  Translational  Research. 

2001  Bristol  Myers  Squibb  Award  and  Medal  for  Distinguished  Achievement  in  Cancer  600 

Research 

2001  Honorary  Doctor  of  Medicine  Degree.  University  of  Leeds,  England  601 

2001  Honorary  Doctor  of  Science  Degree.  University  of  Massachusetts  602 

2000  Strang  Award.  Cornell  Medical  School  603 

2000  Honorary  Fellowship  Award  and  Medal.  Faculty  of  Medicine  of  University  Colllege,  604 

Dublin 

1999-2004  Endowed  Chair:  Diana,  Princess  of  Wales  Professor  of  Cancer  Research,  Robert  605 

H.  Lurie  Cancer  Center,  Northwestern  University  Feinberg  School  of  Medicine 
1994  William  L.  McGuire  Memorial  Award.  San  Antonio  Breast  Cancer  Symposium  606 

1993  Cameron  Prize  Award.  University  of  Edinburgh  607 

1993  American  Society  for  Pharmacology  and  Experimental  Therapeutics  Award  for  608 

Experimental  Therapeutics.  Contributions  to  research  on  human  disease 
1993  Gaddum  Memorial  Award  for  research  contributions  to  pharmacology,  British  609 

Pharmacological  Society 
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61 1  1992  Inaugural  Brinker  International  Breast  Cancer  Award  for  Basic  Science.  Susan 

G.  Komen  Foundation 
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